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MILD-STEEL WELD-METAL POROSITY 


A continuation of the study of the factors influencing 


porosily in welds made on carbon steels with the inerl-gas-shielded 


metal-are process. 


The significance of deoxridizers, 


carbon level and penetration has been emphasized 


BY J. T. BALLASS AND R. D. STOUT 


eliminated 


Introduction This investigation is a continuation oxide and argon completely 
The problem of porosity in mild-steel of studies reported previously."? It porosity in some instances. The weld 
walt motel ene, Mens was shown then that porosity in mild ing conditions of current and travel 
of the fusion-welding processes is im- steel weld metal was affected by the speed were likewise shown to affect 
mune to porosity, and each new process deoxidation practice of both the eles poroeit) Porosit) “— found = 
revives the necessity of finding means trode and base plate, but that it was rease sharply beyond 370 amp in 
to overcome it. The inert-gas-shielded more sensitive to changes in the elec- velds made - ren High travel 
metal-are process has furnished a new trode than in the base plate Weld peeds produced what appeared to be 
opportunity to study this problem site additions of various deoxidizers mechanical void Phe results of these 
under conditions which are less compli- were demonstrated to reduce porosit studies suggested generally — that 
cated than those characteristic of greatly under normal welding conditions the 
processes in which chemically active The quantity and type of gas aa hon monoxkie reaction may he tt 
gases oF fluxes are present ; ent in the shielding atmosphere alse inderlying cause of porosity in welds 
was shown to influence porosity The made on carbon steels with the inert 
presence of nitrogen, hydrogen or ox) is-shielded metal-arc process 
gen in more than a critical amount u It was the p Irpose ol the present in 
argon shielding gas greatly _ increased estigation to tudy the mechanism 
Te be presented ot 1086 AWS National Fall Meet the porosit However, shielding mix by which porosity develops in mild 
ing in Cleveland, Ohio, October 8-12 tures of carbon dioxide or carbon mon tee| weld metal under normal condi 
Table 1—Chemical Composition of Steel Base Plates 
1 
tna lola a 
Designation Vn I’ S ( ( 1 
Killed steels 
 A-201 (Al-killed 0 16 0.54 0 20 0.020 ) O24 0 02 0 04 0 06 0 O41 0038 
BF 0.21 0.78 0 0.013 0 O31 0 O43 0 005 
4 1021 (Si-killed) 0 21 ) 67 0 20 0 022 0 027 
bk 1025 0 25 0 42 0.17 0 013 0 042 
KB 10382 0 32 0 71 0.17 0.014 0 033 
1035 0 34 0.72 0 21 0.024 0 003 0 12 0) () 22 
W L080 0 80 0 74 0.17 0 021 0 04 
Semikilled stee! 
BH A-7 1S 0 0 ON 0 O14 0 O27 
Rimmed steels 
D 1007 O07 0.33 0.014 0 029 
1014 0 36 0.014 0 033 
WB 0 21 0 36 0 O01 0.016 0 029 0 09 0 
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Table 2—-Chemical Composition of lron Base Plates 


Designation Analyses, 
Code Classification Cc Mn Si a 

Ingot irons 

x Commercial Grade 0 015 0 057 0.02 0 019 

y Magnetic Grade 00 O10 OO 0 028 
Wrought irons 

ZX A-42 0.021 0.054 0.077 0.110 0.020 2.10 

ZXA A-180-Gr. A 0.010 0.052 0 086 0096 0031 2.43 


tions of welding with commercial gases 
and electrodes. To accomplish this, the 
influence on porosity level was ob- 
served for such variables as base-metal 
composition, electrode composition, cur- 
rent level, shielding-gas composition, 
and additives to the welding site. 


Experimental Details 
Welding Technique 


Welding was performed with a stand- 


Table 3—Chemical Composition of Electrodes 


{nalyses, 


Lie aignation 
Classification ; Mn Si P Ss 
Wire electrodes 
A Si-killed 0.14 1.18 0.20 0 016 0 017 
i Al-killed 014 0.08 0 21 0 024 
Cc Specially killed 0 047 1.11 0 43 0 O16 
Ingot iron 0 037 0 022 0 003 


Total 
Al 


0 OSS 0 052 
0.061 0 050 0 OS1 0 021 
0 OO1 0 O01 


Table 4——-Vacuum Fusion Analyses of Steel and lron Base Plates and Electrodes 


or 


Code Clasaification H 


Steels 


Killed 


A-201 (Al-killed) OO007 OO} 
OOO15 0025 
A 1021 (Si-killed) OO015 O04 
1025 O00! 00% 
1032 ‘ 0001 002 
Semikilled 
BH A-7 0004 0035 
Rimmed 
f 0085 
Ooo! OO4 
Wh 0001 OO15 
lrons 
Ingot 
xX Commercial grade 0002 
Y Magnetic 00038 
Wrought 
ZX 4-42 2 0004 
ZXA \-180-Cir, A 0005 
hlectrodes 
Wire 
\ Si-killed 0003 
Al-killed 
Specially killed 0004 
Ingot iron : OOL7 


ard inert-gas-shielded metal-are hand 
torch which included the conventional 
rod feed and control assembly. The 
hand torch was fixed over a lathe bed 
which provided automatic travel speeds. 
Current for welding was obtained from 
a rectifier-type power source connected 
for d-c reverse polarity All welding 
was done with '/, in. diam wire elec- 
trodes. 
Materials 

All welds in this investigation were of 
the bead-on-plate type. The majority 
of the base plate specimens were 3 in. 
wide by 12 in. long and */, in. thick 
on which two parallel 10 in.-long beads 
were laid. Prior to welding, all base 
plates were surface ground and 
thoroughly degreased with carbon tet- 
rachloride. Plates for weld site addi- 
tion studies were U grooved the length 
of the test plate to approximately ' 
wide by ! 
the additives in granular form. Table 
1 lists the chemical compositions of the 


in. 


s in. deep to accommodate 


steel base plates, which covered the 
full range of deoxidation practice 
rimmed, semikilled, or aluminum and 
silicon killed. The carbon level ranged 


Table 5—Study of Base Plate Table 6—Effect of Site 
Thickness on Porosity 
(350 amp, 5% oxygen-argon Si-killed 
wire, 10 ipm) Porosity, 
Plate tddition Atmosphere holes /in 
thickness, Porosity, holes /in None 5% Orargon 2.0 
Steel in , ‘ Total Pyrite* 24 
09% Pyrite* Argon 1.9 
None 10° Heargon 2.8 
Pyrite* 10° Heargon Light herringbone 


‘ 


( Pyrite* 20° Heargon Heavy herringbone 
> «6 None 30° Heargon Heavy herringbone 


l 

16 None 20°) Heargon Very light herringbone 


Additions of Sulfur 


(1025 killed steel, Si-killed wire, 300-350 amp., 10 ipm 


Composition of Weld Metal, 
c Mn St 
65 10 

17 

17 


Pyrite* 30° Heargon Very heavy herringbone 


* Rimmed steel 
Killed steel * Pyrite Fe, 53.55) 5, traces of Co, 
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Ni and SiO, 
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Soln 
Al Ti Zr 
a 
\ 
{ 
0 18 0 64 0.16 0 49 
02 17 0 0 ) 16 
03 23 0 70 16 038 
02) 058 015 0.19 


5°), Or Argon 


Argon 


Fig. 1 


Comparison of 


the 


relative 


size and number of 


pores in welds at the threshold of porosity in both gases 


from 0.07 to 0.80%. All plates were 
4/, in. thick except the 1080 steel which 
was '/» in. thick 

The chemical 
iron base plates are given in Table 2 


compositions of the 
Two types of iron, ingot and wrought, 
were employed. There were two grades 
of ingot iron, commercial and magnetic, 
differed 

There were also two grades of 
wrought The A-1I89 grade was 
the double refined type and similar to 
the A-42 in analysis except in its « arbon 
level. 

The commercial-grade ingot-iron base 


which principally in carbon 
content 


iron 


plate was */, m. thick. The magnet 
grade ingot and the wrought iron base 
plates were ' in. thick All plates 
here were 3 in. wide by 12 in. long ex- 


cept the A-IS9 wrought iron which was 


available only as 14/4 in. wide bars 


The 


eles trodes 


analyses of the 
this investigation 


| lectrodes \ B 


chemical wire 
used in 
are listed in Table 3 


'/, in. diam steel wire with 


and ( were 
a standard copper coating and varied 
in degree of deoxidation practice.  Eler 


trode A killed klectrode 
B was aluminum killed with the same 
electrode C 


was silicon 


carbon content as A was 
a specially-killed type, with a high 
silicon and low carbon content and modi 
fied with small amounts of aluminum 


The 
specially drawn and was 
condition V ac- 
fow the 


titanium and zircontm ingot 


iron wire Wie 
used in the as«lrawn 


uum fusion analyses iron and 
steel base plates and wire electrodes are 
given in Tuble 4 

The principal portion of this investi- 
gation was carried out in a 5% oxygen 
argon shielding atmosphere In some 
instances commercially 
employed. To study the effects of high 


sulfur at the site on 


pure argon Was 


weld 


porosity, a 
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series of welds were made in various 
mixtures of hydrogen and argon, A 
few check tests with 10°) nitrogen in 
an argon itimosphere vere also made to 


check porosity appearance and welding 


characteristics 


ing gas 


Wiis 


1 he flow ol the shield 


regulated by a standard 


flow meter at a rate of 60 cfh 


Detection of Porosity 


Porosit’y 


was evaluated on the basis 


of radiog aphic inspection and macro- 


examination ol 


sectioned and etched 


portions «cf the weld metal 


All radiographs of welds were taken 


influence of Current Level 


with a fine-grain X-ray film, developed 
with the prescribed procedures to pro- 


vide at least 1°) radiographic sensi- 
tivity 

Where voids could be counted, 
porosity was @\ iluated on a hole inch 
basis and was classified into two size 
ranges; equal to or less than '/y mM. 
diam or greater than '/y. im diam, 
Welds showing gross porosity were 


classified according to ther appearance 


on the corresponding radiograph either 


as uncountable or herringbone These 


radiographi« porosity classifications 


were established in 


& previous paper,” 


Experimental Results and 
Discussion 


It was previously hown® that in 
welds made in argon on rimmed or 
killed steel porosity imecres ed sharply 


at currents beyond approximately 370 


amp. This was confirmed and was 


found ll of 


to occur in all of the steels re- 


gardless of deoxidation practice or car- 


bon content In «a parallel series of 
tests 


mosphere on 


made in 5°) oxygen-argon at- 


VArIOUSs a similar 
threshold of porosity was observed he- 


The nature and dis 


yond 425 amp 

position of this high porosity was 
similar for both gases except that the 
porosity associated with the 5% oxy- 


gen-argon in many instances consisted 
ot fewer but 
This is 
Fig. | 


ation of porosity simply on a hole per 


considerably larger holes 


shown by the radiographs in 
which demonstrate that evalu- 
inch count failed to take into account 


the increase in pore size 


12 
RIMMED STEELS, 5% 0,- ARGON 
©. RIMMED STEELS, ARGON 
© KILLED STEELS, 5% Q,- ARGON ° 
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lJ 
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” 
| 
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WELD DEPTH PENETRATION, 1/32 INCH 
Fig. 2. Influence of weld depth penetration on porosity in welds made on */,-in. 


thick killed and rimmed steels in argon and 5% oxygen-argon (Si-killed wire, 10 
ipm) 
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CURRENT, AMPERES 
Fig. 3 Comparison of the influence of current level on weld depth penetration 
for welds in argon and in 5% oxygen-argon on * ,-in. thick rimmed and killed 


estels (Si-killed wire, 10 ipm) 


This transition in porosity for both 
gases was found to be directly as- 
sociated with penetration into regions 
of apparent segregation. Figure 2 
illustrates the correlation between po- 
rosity and weld-depth penetration for 
welds made on Vein, thick 


steel plates in both shielding atmos 


Fig. 4 Weld contours showing weld 
penetration into regions of high segre- 
gation in a 1007 rimmed steel. 
Upper samples (5% oxygen-argon)— 
(left} 400 amp., holes, in.; (right) 
430 amp., 4.2 holes in. Lower samples 
(argon)—left) 375 amp., 0.9 holes 
in.; (right) 390 amp., 8.0 holes ‘in. 


pheres with a Si-killed wire. Beyond a 
weld depth penetration of '/, in. the 
increased sharply for both 
The plateau shown for 5% 


porosity 

oxygen-argon at approximately 6 holes 
per inch does not take into account 
the increase in pore size with current 
level. Figure 3 shows that at a current 
level beyond 360 amp the weld depth 
penetration was greater in argon than in 
5% oxygen-argon. This difference be- 
tween the two gases in weld depth 
penetration at higher current levels, 
therefore, accounts for the presence 
of the threshold of porosity at different 
Greater penetration 


current levels. 


with argon was also observed by 
Breymeier? who made metal transfer 
studies with both shielding gases 
Weld cross sections were taken from 
weld samples representing welding con- 
ditions at the threshold of increased 
porosity and given a deep etch. An 
example of this for a 1007 rimmed steel 
is shown in Fig. 4. Note the distinet 
dark zone of high segregation, the pene- 
tration of which by welds made in 
either atmosphere resulted in a sudden 
rise in Another 


porosity, example 


Fig. 5 Porosity increase associated with penetration into regions of segregation 
in a 1014 rimmed steel in welds made in 5% oxygen-argon with Si-killed wire. 
Sample—(/left) 300 amp., 1.0 holes (center) 450 amp., 3.0 holes in.; (right) 
460 amp., 6.2 holes in. 
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covering a wider current range is i- 
lustrated in Fig. 5 for a 1014 rimmed 
steel welded in 5% 
Base plates representing various de- 
oxidation practices were given a deep 
etch for a determination of the extent of 
segregation. Figure 6 indicates that 
all of the steels and the ingot iron 
showed some degree of segregation as 
revealed by deep etching. As expected, 
the rimmed steels in general showed the 
sharpest zones after etching, but the 
semikilled and killed steels also revealed 
a core effect. 

This study was then extended to 
welds with both gases on rimmed and 
killed steel plates which had been 
reduced from * '/, mm. thick by 
milling to expose the segregated core 
The results with argon on these reduced 
sections were inconclusive. In most 


oxygen-argon 


to 


cases welds on the core of rimmed steels 
showed gross but spasmodic porosity 
but occasionally the porosity level was 
no greater on core than on rim. With 
5% oxygen-argon, however, a consist 
ently higher level of 
obtained on the core than on the rim 
This is shown in Fig. 7 for a killed and 
rimmed steel where the results of welds 


porosity Was 


made on the core have been compared to 
results obtained on the original plate 
surface. Welding on the core of the 
base plates raised the porosity approxi 
mately to four times that observed on 
the original plate. To eliminate the 
influence of base plate thickness on 
porosity, welds were made on the rim 
side of reduced sections. Table 5 indi- 
cates that base-plate thickness had no 
effect 

Welds were also made on the reduced 
section of these two steels with specially- 
killed wire to see if the higher deoxidizer 
level in this wire had any influence on 
reducing the high porosity in welds made 
on the reduced sections with Si-killed 
wire. At 300 amp the specially-killec! 
wire eliminated nearly all of the po- 
rosity in welds made on either steel, 
This suggests that the carbon monoxide 
reaction was responsible for the high 
porosity observed at high current levels. 


Deoxidation Practice and Carbon Level 
of the Base Plate 


A series of tests made in argon with 
Si-killed electrode on carbon steels of 
various deoxidation practice and car- 
bon levels indicated that neither base- 
metal deoxidation practice nor carbon 
affected appreciably. How 
ever, similar tests made in 5°) oxygen 


porosity 


argon resulted in a distinct variation 
in porosity level. Figure 8 summarizes 
the behavior of three steels differing in 
deoxidation practice but approximately 
similar in carbon content. For currents 
up to 450 amp it was found that the 
order of susceptibility of the weld metal 


to porosity was governed by the 


WELDING ReseaRcH SUPPLEMENT 


\ 
412 


Fig. 6 Segregation in various 
base plates 


in the 


hase plate The importance of residual 


amounts of residual deoxidizers 
deoxidizers in the base plate in reducing 
weld porosity has been demonstrated by 
other investigators.* 

In §% oxvgen-argon the carbon con 


tent of the base plate was found to 


influence the weld-metal porosity This 
is illustrated in Fig. 9 where eax h band 
represents a deoxidation practice The 


top of ear h band represents the porosity 
obtained at 400 amp while the bottom 
is the porosity level at 300 amp In the 


BF (Al-killed) 


1025 (Si-killed) 


A-7 (Semikilled) 


1007 (Rimmed) 


1014 (Rimmed) 


WB (Rimmed) 


m 1007 RIMMED STEEL, 3/4 IN. THICK PLATE 
4102! KILLED STEEL,34 IN THICK PLATE 
©1007 RIMMED STEEL,!/2 IN THICK PLATE SECT. 
KILLED STEEL,!/2 IN. THICK PLATE SECT. 


INCH 


POROSITY, HOLES PER 


4 


ingot Iron (Mag. Gr.) 325 


375 425 475 525 
CURRENT, AMPERES 


Fig. 7 Comparison of porosity in welds made on the core 
of a rimmed and killed steel to porosity observed in welds 
made on the same steels on the as-rolled thickness (5% 


yen-npearing if mphere porosity 
nereased with carbor content The 
arbon monoxide eaction was there 
ve apparently the pr pal cause of 

omit 

In order to examine further the par 
ticipation of carbon in pore formation 
metallog: were made on 
umnple howing irving degrees of 
orosit to determine whether a gone 
of decarburization could be detected 
round the hole edge In some cases 


ich zones were dete bout red 


10 
4-102! KILLED STEEL 
©-BH SEMI-KILLED STEEL 
x- WB RIMMED STEEL 
/ 
a 
a 
4 
a x 
° 
5 
2 
of — 
300 350 400 450 500 
CURRENT, AMPERES 
Fig. 8 Influence of deoxidation practice of the base plate on porosity in welds 
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made on steels similar in carbon content (Si-killed wire, 5% oxygen-argon, 10 ipm) 
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oxygen-argon, 10 ipm, Si-killed wire) 


to be too famt ft identifica. 
tion 

Thi ethod ibandoned and 
instead 1 | lie measurements 
vere made along direction perpendicu- 
ur te the ed Hardness deter- 
minat ere round holes 
resulting trom velds made on 1014 
immed toe nd 1032 and 1080 
Killed ste« vith «a Si-killed wire in a 
en-urg hielding atmosphere, 


otted in Fig, 10, 


The eauit have been 


RIMMED 4 UPPER CURRENT LIMIT. 400 
STEELS LOWER CURRENT LIMIT. 300 
KILLED UPPER CURRENT LimMiT; 400 
STEELS @ LOWER CURRENT LimiT, 300 

25 (AMPERES) 

| 

z 

20 

18 

A 

0 02 04 06 os 
% CARBON IN BASE PLATE 
Fig. 9 Influence of carbon content on 


porosity in welds made on rimmed and 
killed steels in 5% oxygen-argon 
(300-400 amp., Si-killed wire, 10 ipm) 


Q 
| 
| 


a ad 
= 1060 KILLED STEEL POROSITY: 29.5. HOLES/IN. 
200 
° ° 
3 
a 032 KILLED STEEL §§ POROSITY. 96 HOLES/IN 
> 
1014 RIMMED STEEL POROSITY: 6.0 HOLES/IN 
100 4 
0 4 8 12 16 20 24 28 32 


DISTANCE FROM HOLE EDGE, |/1I000 INCH 
Fig. 10 Change in Vickers hardness number with perpendicular distance from 
the void edge in welds made with Si-killed wire in 5% oxygen-argon 


In all cases, porosity was found to be 
associated with a carbon loss around the 
hole edge as indicated by the drop in 
hardness as the hole edge was ap- 
proached 


These results are in accord with an 
earlier observation of Jenks* who 
associated decarburization zones around 
gas voids as being the direct result of 


the carbon monoxide reaction 


Influence of Deoxidizers in Electrode 


Porosity in mild steel has been shown 
to be more sensitive to changes in the 
deoxidizer level of the electrode than to 
changes in deoxidation practice of the 
base plate. Furthermore, Christopher 
and Becker® have shown in experiments 
with various wires that the porosity in 
welds on a semikilled steel could be 
eliminated by a silicon content of 1.59° 
in the wire. 

A survey was conducted to summarize 
the control that can be exercised over 
porosity in various base plates by proper 
choice of the electrode deoxidizer con 
tent. The four electrodes available 
are described in Table 3. The study 
was extended to tests on ingot and 
wrought irons, since these can be 
expected to be most susceptible to 
porosity. 

In Fig. 11, the results of tests on the 
steel base plates are summarized and in 
Fig. 12 are presented the data for the 
ingot and wrought iron plates. The 
general variation of porosity with the 
deoxidizer content of the electrode was 
similar for both the iron and the stee! 
plates, suggesting that the mechanism 
of porosity was the same for both types 
Except for one wrought iron, the spe 
cially-deoxidized electrode was capable 
of preventing extensive porosity. Here 


a 
af 
VHEAVY 
(‘= 
HEAVY 
LIGHT zz MEDIUM 
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a @ 102!) KILLED — 
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| 
: 20 


AL-KILLED 


SPECIALLY 
KILLED 


POROSITY RATING 


HOLES PER INCH ———— 


IRONS 

@ INGOT- MAGNETIC GRADE 
& INGOT- COMMERCIAL GRADE 
20} WROUGHT A-I89 

™ WROUGHT A-42 


SI- KILLED INGOT 
IRON 


ELECTRODE TYPE 


Fig. 11 Influence of electrode type (deoxidizer level) on 
porosity in welds made on various steels (5% oxygen-argon, 


350 amp., 10 ipm) 


4l4-s 
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SPECIALLY 
KILLED IRON 


AL-KILLED Si- KILLED INGOT 


ELECTRODE TYPE 


Fig. 12 Influence of electrode type (deoxidizer level) on 
porosity in welds made on various irons (5% oxygen-argon, 
350 amp., 10 ipm) 
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again, it appears that conditions which 
obviate the carbon monoxide reaction 
eliminate all but a smal! 
porosity. 


amount ol 
It is quite possible that the 
residual porosity that is 
pletely 


rarely com- 
different 
mechanism involving A gas other than 
CO 

Site Additions of Sulfur 


It was the purpose here to investigate 


absent is due to a 


the role of sulfur as a possible contrib- 
uting element to weld metal porosity 
This was done by adding pyrite in the 
form of —50 mesh powder to the weld 
site. Welds were laid on killed 
with a Si-killed wire in various shielding 
Table 6 indicates that as 
much as 0.98% 
ated in the weld metal without appreci 


steel 


atmospheres 
sulfur could be toler 
ably raising the general level of porosity 
in welds made in atmospheres ol argon 
The high-sulfur 
showed 


or 5% oxygen-argon. 
evidence of 
Adding 


hydrogen-argon 


welds, however, 


weld-metal cracking pyrite 


in various mixtures 
resulted in an increase in porosity over 
that observed without the pyrite addi- 
tion. The porosity in welds made with 
10 to 30% 
site addition 


hydrogen in argon with no 
was apparently due to 
hydrogen alone since there was no evi- 
dence of lowered sulfur content of the 
(Table 6). When pyrite 


was added in the presence ol hydrogen 


weld metal 
there was a substantial loss in man- 
ganese in the weld metal but there was 
no change in carbon or silicon 

The general results of this study sug 


gest that sulfur is not active in causing 


porosity in welds made in argon or 5 


oxygen-argon atmospheres, since only 
in the presence of hydrogen was porosity 
It has been observed 
that the sulfur level 


from 


raised by sulfur 

on other occasions 
in the weld metal welds in 
irgon and 5°, oxygen-argon on rimmed 
and killed steels did not change with 


increase in porosit \ 


Conclusions 


| Most of the porosity 


welds on mild steel 


obtained in 
plates deposited by 
the inert-gas-shielded metal-are process 
appeared to orwinate trom the carbon 
monoxide reaction Porosity can be 
held to a negligible level in all but over 
oxidized wrought iron plate by select 
ing an electrode with sufficient deoxi- 
dizer content to tie up the oxygen sup- 
plied by the plate 

2 The 


observed im weld 


or the shielding gas 


sharp increase in porosity 


made im argon at cur- 


3/0 amp 


rents above ind in 5% oxygen 


argon above 425 amp was associated 
it least in part with penetration of the 
weld into apparent regions of segrega 
tion in the base plate 

3 At any current level above 360 
amp, weld penetration was found to be 
greater with an argon atmosphere than 
with 5°, oxywen-argon 

Porosity 


bon content 


increased with the car 
among base plates ola 
viven deoxidation practice when welded 


in a 5% oxygen-argon atmosphere 


A decarhburized zone surrounding 


the pores was found in welds made on 


rimimes ind killed steeis 
6. Sulfur added to the weld site in 
the form of pyrite did not raise the 


with a killed 


in argon with 


welds 


porosit) 
electrode on killed pints 
up to 5° oxygen, but weld-metal 
resulted In 


itrmospheres of 
argon with LO to 30% 


yvdrogen poros- 


reased in the rresence of pyrite. 
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Testing Machine for Cold 
Bending Tests 


A testing machine for making cold 
bending tests quickly under loads up to 
150,000 |b has 
taldwin-Lima-Hamilton 
Philadelphia, Pa. Low 


bars up to 2 in, square or 


been developed by 
Corporation 

steel 


2 in. in diam- 


carbon 


eter in lengths of 5 to 24 in. can be 
hent in the machine. It also accommo- 
dates flats up to 4 in. wide and J in, 
thick in the same lengths 

The new Baldwin bending press is 
hydraulically operated at controllable 
table speeds of 1'/, or less to 10 ipm 
stroke iw Il in 
emery 
with 


graduated in 


Maximum upward 


Loads are measured by an 
Jourdon tube indicating system 
12-in. diameter dial 


500-lb. divisions 
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A feature of the tmmachine is it 
platen 


sliding 


vhich can be used quickly after 


making a V bend with rollers, to bend 
pecimens LSO deg or flat on themselves 


These platens and the machine strueture 


ire designed to withstand the transfer 
flattening loud off center (over 
loads are prevented by limit switebes 


reliel valve 


ind overload pre int 


Sloul 


Ballass 


Weld Porosity 


Two ipport tands on 
heavy table 


pu ton 


attached to the hydraulie 
paced and 
crank- 
Phree puurs Of 
| und 5 in. 
chiamete! ire furnished with the ma- 


centered in the machine by 


operated crew 


port rollet in ) in 


chine The lower ipport stand in 
Corpo! ili i hding pl iten which can 
he used in the center of the machine 


without emovilig the 
An a 


from 


bending pins 
ortment bending pins ranging 
to S46 in, in diameter are 
provided witl the machine 


(on the le the upper fixed 
crosshead a roller stand and upper 
jlaten slide interchangeably into the 


center of the machine 


Automatic Program Controller 
for Fatigue Testing Machines 


An automatic program controller for 


Jaldwin-Sonntag fatigue testing ma- 
Baldwin-Lima- 


Philadelphia 


chines is announced b 


( orp 


Continued on page 440-4 
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ABSTRACT, This paper describes the 
effect of surface zine phosphate contami- 
nation on the strength and duetility of 
flash welds in steel tubing. The test re- 
sulta indicate that unless the residual 
phosphorus left from the tube drawing 
compound is removed prior to welding, 
brittle welds of low notch-bend strength 
may result 


Introduction 

Flash welding is used at Douglas Air- 
craft Company for highly critical ap- 
plications such as landing gear com- 
ponents, engine mounts, and control 
actuating members. Because of the 
critical nature of these applications the 
weld must be of consistently high 
quality, 

It is customary to perform destructive 
tests on sample welds to certify pro 
duction flash welding set-up procedures 
before commencing the production run. 
These tests consist of notch-bend, ten- 
sile strength and fracture examinations 

Brittle bend test results have been 
experienced during certifying produe- 
tion flash welding set-up procedures 
The failures appear to be encountered in 
mill surface, roto-blasted or sand 
blasted tube stock. The brittleness 
causes a flat break through the weld 
zone. Fracture examination of these 
flat breaks shows no evidence of pene- 
trators which are normally associated 
with flash welding defects. It was be- 


Table |--Spectrochemical Analysis 
Klement Percent 
Manganese 0 81 
Chromium 0.56 
Molybdenum 0.17 
Nickel O00 
Silicon 0.29 
Copper Trace 
Phosphorus * 0 006 
Sulphur t 0.017 
Carbon f 0.020 


*Colorimetric method 
t Combustion method 


. F. Young and A. Phillips are associated with 
Jouglas Aireraft Co., Inc., Santa Monica, Calif 


To be presented at 1056 AWS National Fall 


Meeting in Cleveland, Ohio, October 8th to 12th 
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BY J. F. YOUNG AND A. PHILLIPS 


‘ Young, Phillips 


THE EFFECTS OF ZINC PHOSPHATE COATING 
ON FLASH WELDING OF STEEL TUBING 


Phosphorous from zine phosphate coating tends to enter flash weld 


zone, thereby resulling in brittle welds of low notch-bend strength 


Table 2—Specimens Used 


Type of 
Number specimen 
14 Notch bend 
Notch bend 
4 Tension 
4 Tension 
6 Microscopic 
6 Microscopic 


Surface condition 


Zine phosphate coated on both ID and OD surfaces 
0.010 in. of stock machined both from OD and ID surfaces 
Zine phosphate coated on both ID and OD surfaces 
0.010 in. of stock machined both from OD and ID surfaces 
Zine phosphate coated on both ID and OD surfaces 
0.010 in. of stock machined both from OD and ID surfaces 


lieved that the brittleness was asso- 
ciated in some way with the zine phos- 
phate coating on the outside and/or 
inside diameter of the tube as received 
from the mill, The tube is coated with 
zinc phosphate by some suppliers to 
facilitate tube drawing. The coating 
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acts as a lubricant and protective film. 
It was the purpose of this investigation 
to determine if the zine phosphate coat- 
ing on the tubing, applied by the mills, 
had « deleterious effect on flash welding. 
This was accomplished by means of 
radioactive isotope studies, notch-hend 
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Notch-bend tests. Deflection vs. bend strength 
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tests, tensile tests, Charpy impact and 
microscopic examination 


Procedure 

A representative lot of SAE 8630 
tubing 1'/,-in. OD by 0.120-in. wall 
was procured for this investigation 
The tubing was received with a normal! 
production coating of zinc phosphate, 
the type used for tube drawing. The 
composition of the tubing is listed in 
Table 1. 


Preparation of Tube Specimens 
Prior to Flash Welding 

The tubing representing one heat was 
cut into specified lengths for flash weld 
ing. The tube lengths were earmarked 
for notch-bend, microscopic, and tensile 
specimens. Half of these specimens 
were machined so that 0.010 in. of 
stock was removed from both the OD 
and ID surfaces 

The removal of stock from OD and ID 
surfaces was done to eliminate any 
possible zinc phosphate coating. The 
other half of the specimens were left 
with the zinc phosphate coating remain- 
All the 
tube specimens were then degreased in 
trichlorethylene. 
Welding Procedure 

This investigation was conducted 
using «a 300-kva flash welder. The 
machine settings were certified for the 


ing for comparison purposes 


size tubing used. The specimens are 
listed in Table 2 

All specimens after welding were 
chemically spot tested for zine adjacent 
to the flash weld area 
machined on OD and ID surfaces 


The specimens 


showed no evidence of zine. The 
specimens with the original surface 
showed evidence of zinc near the flash 
weld upset portions of all coupons 


Preparation of Specimens 
After Flash Welding 

Half the notch-bend and microscopic 
specimens of each group were heat 
treated to 180,008 to 200,000 psi after 
flash welding. The others were left in 
the as-welded condition All the ten 
sion specimens were heat treated to 
180,000 to 200,000 psi after flash weld 
ing. The weld upset protrusion was 
machined flush on the OD surfaces of the 
tension specimens. The  notch-bend 
specimens were machined so that the 
upset height protrusion was 0.020 in 
above the OD surfaces. A sharp \ 
notch 0.040 in. deep (using a tool with a 
0.010-in. radius) was machined in each 
notch-bend specimen at the center of 
the flash weld upset 

All the bend specimens were filled 
with a low melting point alloy to prevent 
the tubes from collapsing during the 


bend test. 


Notch-Bend Tests 
The tube specimens were bent as a 


centrally loaded simple beam. The 
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supports were spaced 5 in. apart. The 
load was applied without interruption 
using a cross-head speed of 1200 lb per 
minute. Autographic stress-strain §re- 
cordings of the deflection of the tube 


specimens were made, The instrument 
used measured the deflection of the 
bend relative to the testing machine 
table 

The breaking bend strength va, cle- 


Table 3—Results of Tensile Tests 


Specimen Surface condition 
number ODandID 


Break ing load 


Vir 


oad fa Fracture 


p location 


| Zine phosphate 80, 500 76,700 Base metal 


Zim phosphate 
81,000 76,700 Base metal 


3 Zin phosph ile 

Machined 
of stock machined 
both from OD & ID 
surlaces 

5 Machined 

Machined 


O.OL0-in 77,000 76,700 


O00 76,700 Base metal 


Base metal 


metal 
metal 


t Slightly reduced cross-s« 
* Based on nominal tub m ns 


Fig. 2. Notch-bend fractures of speci- 
mens zinc phosphate coated and heat 
treated. Magnification X 1. (Re- 
duced by upon reproduction) 


Young, Phillips Flash Welding Tubing 


area from the above 


Fig. 3. Notch-bend fractures of speci- 
mens machined on OD and ID and heat 
treated. Magnification X 1. (Re- 
duced by '/, upon reproduction) 
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a — 
77.000 76.700 Base 
77,500 76,700 Base 


flection in inches and the type of frac- 
ture for the various specimens are 
plotted in Fig. 1. Photographs of the 
bend fractures are presented in Figs. 
2-5. 
Tensile Tests 

The tensile specimens were pulled 
axially to destruction. The tensile 
strengths obtained are given in Table 3. 
Microscopic Examination 

Twelve flash welded tube specimens 
were microscopically examined in the 
Six of the 
specimens were coated with zine phos- 
phate on the surface prior to flash weld- 
ing. The 
machined on OD and [D prior to weld- 
ing. Hach flash weld tube specimen 


weld zone for imperfections 


other six specimens were 


was sectioned through the weld plane in 
four locations. The 
were made at 90 deg increments from 


Fig. 4 Notch-bend fractures of speci- 
mens machined on OD and ID and 
bent in the “as-welded” condition. 
Magnification X |. (Reduced by | , 
upon reproduction) 


11S-s 


Young, Phillips 


each other around the weld. All 
metallurgical specimens were electrolyti- 
cally polished since it was desirable to 
determine whether any microcracks 
existed in the weld zone. It is gener- 
ally believed that mechanical polishing 
covers up these smal! fissures.’ 

Metallographic 
made on all the specimens both un- 
etched and etched with 2% nital. The 
examination disclosed no evidence of 
microcracks or gross abnormalities in 
the weld zones on the coated or the 
machined specimens. 


Notch Impact Specimens 

Twenty-four Charpy impact speci- 
mens with a standard V notch were 
machined from a 4130 steel ba: 

Half the specimens were coated with 
zine phosphate and the remainder were 
left in the as-machined condition. All 
the specimens were then electrically 
heated between the platens of a 300- 
kva flash welder. The temperature 
around the notch region of the specimen 
reached approximately 2000° F.  Speci- 
mens were cooled in the flash welder dies 
and given no subsequent heat treatment. 

Rockwell hardness readings of the 
area surrounding the notch were in the 
range of (42 to C47. 

The impact specimens were tested 
at different temperatures to establish a 
complete impact vs. temperature curve 
as presented in Fig. 6. The transition 
temperature range for the zine phos- 
phate coated specimens was consider- 
ably higher than for the uncoated speci- 
mens, as disclosed by the curve in 
Pig. 6. 

Surface Layer Phosphorus Analysis 

Phosphorus gradient analyses of sue- 
cessive layers machined from the inside 
diameter of a zine phosphate coated 
steel tube selected at random from 
stock were as follows: 


examination Wits 


Depth below Phoa- 

surface, in. phorous, % Tolerance 
0 002 0 O50 £0 O06 
0 005 0 025 +0 
0 OO7 oO O16 +0 


0. 008 0 O12 002 


Many references were found report- 
ing an adverse effect of phosphorus in 
steels, namely an increase in the tran- 
sition temperature range. These ref- 
erences are listed in the bibliography. 


Radioisotope Investigation 

In order to establish the mechanism 
by which the zine phosphate coating 
caused embrittlement a study was made 
using radioisotopes. 

Since radioactive phosphorus was 
more immediately available, it was de- 
cided to tag the phosphorus of the zine 
phosphate coating. 

Phosphorus 32 as phosphate in a 
weak hydrochloric acid solution was 
obtained from the Oak Ridge National 
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Laboratories. This solution was added 
to a proprietary product which is used 
to put a zinc phosphate coating on stee! 
tubing prior to drawing. Twelve pieces 
of steel tubing were treated in the 
manner used by the mill in preparing 
the tubing for cold drawing using the 
solution tagged with radioactive phos- 
phorus. 

Ten of these tubes were welded yield- 
ing a total of five weld specimens and 
two unwelded specimens. The ends of 
the tubes were ground with a belt sander 
prior to flash welding to remove any 
zine phosphate from the mating faces of 
the weld. 

During the flash welding operation, 
the fumes given off were checked for 
radioactivity 
counter. The fumes showed no signs 
of being radioactive, indicating that 


by means of a Geiger 


Fig. 5 Notch-bend fractures of speci- 
mens zinc phosphate coated and bent 
in the “as-welded” condition. Magni- 
fication X 1. (Reduced by '/; upon 
reproduction) 
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little if any of the phosphorus from the 
zine phosphate coating is given off in the 
fumes during the flash welding opera- 
tion. Some of the molten metal which 
had splattered off during flash welding 
was also checked for radioactivity and 
all of it indicated strongly the presence 
of phosphorus from the zin phosphate 
coating It ean be inferred from this 
that the phosphorus from the zinc 
phosphate has a strong affinity for the 
steel in the molten state. 

After the flash welding operation, the 
weld specimens were placed in a strong 
caustic cleaner in order to remove the 
zinc phosphate which remained. Along 
with these weld specimens there were 
placed the two other tubes which had 
been coated with the phosphorus tagged 
zinc phosphate but had not been 
welded. 

The tubes were checked for radio- 


6 days and then 
The resulting autoradio- 
are shown in Fig. 7 It can be 
1 the autor wliographs that the 
from the zine phosphate 
' concentrated within a dis 
tance of less than 0.05 in. on either side 
f the weld area Ihe dark area to the 
side of the weld in one of the autoradio- 
graphs is a spot where the surface was 
not completely removed due to the 
tube not being perfectly round 
The tubes were all broken in the weld 
irea by bending in a testing machine 
All of the welds but one broke com- 
plete in the weld plane and this weld 
broke ipproximately 7 in the weld 
his weld the lowest 
phosphorus contamination as evidenced 
by giving a radioactivity count of one 
hundred counts per minute on a Geiger 


counter as compared to fourteen hun 


This would indicate that there must 
be decomposition of the zinc phosphate 
with tl hhosphorus tending to stay 
and tl ALD ing the heated metal 
After cleaning vere was still appre- 
| remaining on the 

grinding off the 

less than 


ity dropped to a 


ttle manner as 
it there was no 


radioactivity on 


Cleaning Studies 

Radioiwotoy \ condueted to 
determine Ow removal of 
phosphorus could | de by 
removal by 


chemi al 
le 
was evalu 


Zine phosphate 


dred counts for the next lowest value 
In order to determine the role of the ) f I i vat check It Wits 
snot heated 


leaning, either 


activity after cleaning. The tubes 
which had not been welded showed a 
low amount of radioactivity. A check zine from the zinc phosphate coating in 
for radioactivity in the flash welded flash welding, a fresh supply of the zine 
as tagged with 


metive phosphorus or 


tubes, however, revealed that con- phosphating solution olution or a 5% 


siderable phosphorus remained in the radioactive zine. Zine 65, which was 
region of the weld and heat-affected purchased from the Oak Ridge National unt ob of remo i phosphorus 
iver 1300° F 


shosphorus could 


would do an 


zones Laboratories as the chloride in a hydro 
vided to the 


solution 


After this an average of 0.015 in. was chlorie acid solution 
phosph iting = solution This a combination 
id roto-blast. 


were made on 


machined off the inside and outside of 
the welded tubes and the weld ares is used following the same procedure 


was notched to facilitate breaking in vhich had been used in tagging the 
wall tubing 


minated and the 
i hot caustic solu 


the bend test. However, before break phosphorus 
ing the specimens, strips of 35-mm During flash welding, it was noted 
Tri-X film were wrapped around the that zine was present in the fumes given el j 
the off; however, in the splattered metal for 20 mint All of the clean 


welded area of two of these tubes 
little indication of zine ec innit iled outside the weld where 


film was exposed to the phosphorus the 
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ALL SPECIMENS HEATED IN 

+ 300-KVA SCIAKY FLASH 

WELDER. TEMP REACHED 
APPROX 2000° 


UNCOATED 


O-ZINC PHOSPHATE 
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TESTING TEMPERATURE- FAHRENHEIT 


Fig. 6 Impact temperature relation for zinc phosphate coated and uncoated Charpy specimens 
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0.001 in.) the 
negiiwibl Lilie 
the previous one lid, | 
the broken weld faces 
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properties or the occurrence of flat 
breaks through the weld plane. It 
was found that the machined surface 
and heat-treated specimens were some- 


as 4 out of 6 of the contaminated speci- 
failed completely through the 
weld plane. The test results are tabu- 
lated below: 


Tens 


Ultimate 
atrength 
( pat) 
112,675 
100,295 Weld 
110,985 Weld 
111,830 Tube 
106, 450) Weld 
106,760 Weld 
108 , 450 Tube 
100, 860 Tubs 
111,550 Tube 
111,270 Tube 
111,550 Tube 


Breaking 
Su rfac load 
condition (lh) 
10,000 
38, 800 
39, 400 
39,700 
37,800 
37,900 
38, BOO 
49 000 
39,000 
39, 500 
49,600 


Specimen Fracture 
location 


Tube 


Zine phosphate 


The effect on flash welding of heat 
treatment above 1300° F 
moval of the zine phosphate coating was 
determined when steel tubing for test 
was provided by local supplier. These 
tubes were all from the same lot. One 
set Wis uncleaned, one cleaned after 
normalizing and one was cleaned with- 
out a normalizing When 
these tubes were welded and the welds 
broken and examined, it was found that 
the uncleaned tubing resulted in the 
poorest while the normalized 
and cleaned tubing produced slightly 
better welds. The tubing which was 
cleaned and had not received a prior 
normalizing treatment gave 100% due- 
tile welds. 

Since the normalizing operation in- 
volved heating over 1300° F, this was 
substantially in with the 
radioisotope studies on cleaning 


before re- 


operation 


welds, 


agreement 


Discussion 

The results of this investigation 
showed that “as-welded’’ specimens of 
low notch-bend strengths and brittle- 
ness in the form of flat breaks can occur 
on flash welded tube specimens that 
have zine phosphate coatings when 
Referring to the bend test 
results plotted in Fig. | it is obvious 
that the separation between coated and 
uncoated specimens is not entirely clean 
cut, Statistically, however, a large 
number of tests conducted over a period 
of many months, showed a pronounced 
trend that the coated specimens were 
inferior in bend strength to the un- 
coated specimens. 

Radioisotope studies have indicated 
that the zine phosphate coating de- 
composes at high temperatures causing 
phosphorus to enter the weld and the 
zine to volatilize off as zine oxide. The 
phosphorus, due to the highly localized 
nature of the heating in a flash welding 
operation, concentrates in the weld 
plane. 

Heat treatment of the flash welded 
notch-bend specimens and unnotched 
flash welded tension specimens coated 
with zinc phosphate produced, when 
tested, no adverse effect in strength 


eldec 


what lower in strength, but this was 
apparently due largely to the decreased 
cross-sectional area of the specimen. 

The most probable explanation for 
the alleviation of brittleness in the heat- 
treated specimens is that the prolonged 
high-temperature soak that occurs in a 
normal heat treatment causes the phos- 
phorus to diffuse uniformly 
throughout the steel, whereas during the 
short flash welding cycle migration of 
the phosphorus oecurs only at the flash 
line. 
Conclusions 

1. It was 
metric studies that 
zine phosphate coatings on steel can 
enter the flash weld zone during the 
flash welding operation. The zine vola- 
tilizes off as zine oxide. 

2. Phosphorus penetration from zine 


more 


established by  radio- 


phosphorus from 


phosphate coatings causes a lowering of 
notch-bend strength on as-welded steel 
tubing and/or flat breaks through the 
weld plane. 

3. Phosphorus contaminated tubes 
flash welded and subsequently heat 
treated showed no apparent reduction 
in notch-bend strength and 
strength. 

4. The Charpy V-notch impact 
transition range was considerably dis- 
placed to a higher temperature by the 
imtroduction of phosphorus from zine 
phosphate coatings into specimens lo- 
cally heated in the region of the notch 

5. Chemical analysis of a tube in the 
as-received condition from the mill 
containing a zine phosphate coating 
revealed a phosphorus diffusion gradient 
to a depth of 0.008 in. 

6. Chemical removal of zine phos- 
phate coatings from steel surfaces, 
adequate for uniform quality flash 
welds, is possible using strong caustic 
solutions heated to 200° F or dilute 
sulfuric acid at room temperature. In 
cases where the tubing has been heated 
above 1300° F 
plete chemical removal is not possible. 
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WELDED REINFORCEMENT OF OPENINGS IN 
STRUCTURAL-STEEL TENSION MEMBERS 


Geometric factors such as shape of opening, type and 
amount of reinforcement and width and thickness 


of the body plate have been investigated by the authors 


BY DES! D. VASARHELY! AND ROBERT A. HECHTMAN 


Introduction 3. Deformability of the member con ture occurs in the plastic range of the 


Problem of the Opening in taming the opening as it affects material, an investigation of the plastic 


a Structural Member the behavior of an internally deformation which preceded fracture 
am continuous structure such as a was carried out to establish the manner 
rhe introduction of an opening in a ship tn this 
structural member under tension de Notch sensitivity of the steel as to the geometry of the specimen and the 
creases its effectiveness by reducing its rolled. also as affected by metal testing temperature 
net cross-section area and producing a lurgical time effects includins Chis paper includes some data previ- 
region of stress concentration some of strain ind exposure to OURI rte ad Additional data and 
the amport int factors vhich must low ratures more detailed ion of them ure 
be considered in the development of de 


sign standards for the welded reinforce- This research has been directed to 
ment of openings are vard the improvement of methods of re 


given in Reference 4 


Tests of Plates with Openings 


inforeing openings Fortv-one large 

|. Shape of the opening and nature plate specimens, each having a centrally Specimen Material and Specimens 
of the loading located opening with without re pecimen vere fabricated from 
e heat of plain-carbon semikilled 


2. Cross-section shape of the rein inforcement, and two plain plates with 


forcement and the notches out an opening were tested, Four fa rolled, a grade meeting ASTM 
present in welded reinforcement tors were vaned; the body plate thick mation AZ 491 ind having the 


heeause of changes in cross ness and width, the ship of the open iverage chemical composition and me 


section ing, the type and amount of reinforce chanical properti hown in Table 1. 
ment unl testing temperature Phe details of the Pec including 
Desi D. Vasarhelyi f 

Civil Engineering, Univers hingt \lost of these test vere made at room the size of the body plate, the shape ol 
Seattle Was! snd Robert A. Hechtman ; 
Professor and Executive Officer of Civil Engineer 
ing, George Washington Universit Washing ture \ few specimer vere tested at ure 
ton, D. ¢ 


temperature and resulted in shear frac opening, and the pe ol remforcement 
iven in Figs. | and 2 and Table 2 


temperntures sutheent low to produce Thre« yA of bod plate were used 


Io be presented at the 1956 AWS National Fal! , ; i 
Meeting in Cleveland, Ohio, October 8th to brittle cleavage fracture Since trac iH) in., n. and 48 x 


Table 1—Average Properties of Plates of Different Thickness 


a Chemical composition 


0 O10 (28 0 O66 
h chanical properties 
pper ltimate ngalion Reduction 
Thicknes jield potnt trength in./in of area 
i” peat ‘ 
4, 65, 500 ‘ 
7,700 61,400 2 h2 
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mperatures 
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© LOCATION OF THERMOCOUPLES 


SLIDE WIRE SPACING 
SAME ON BOTH SIDES 


v2" \ 6-3/4’ 6-34" 6-3/4" [1/2" 
T 
Ne 
a Fad o 
4 
” nd 
R36-5/16 


Fig. | 


The corner radius of the square opening 
was approximately in 

The edges of the specimens were 
flame-cut and ground smooth. The re- 
inforcement was welded in accordance 
with Specification Navships 451, with 
electrodes meeting AWS Specification 
at least seven days after the welding 
was completed, 
Method of Testing 

All specimens were loaded as shown 
in Fig. 3 in a 2,400,000-Ib universal hy- 


No specimen was tested until 


ww 
oe vere 


| | 


Details of body plates of 36 x %-in., 36 x Ya-in. and 48 x Y2-in. specimens 


SLIDE WIRE SPACING 


SAME ON BOTH SIDES : 

| 

| 

| 

| 

| 

| 


draulic testing machine with their longi- 
tudinal centerline parallel to the rolling 
direction of the plate. Three types of 
gaging were used on all specimens to 
make the following measurements: the 
over-all elongation by slide-wire resist- 
ance gages on a gage length equal to the 
width of the plate and straddling the 
area of the opening, the strains in the 
elastic range on one quadrant of the 
plate by SR-4 strain gages and the tem- 
perature of the 
couples,'| The plastic deformation and 


plates by thermo- 


6, 32 — 


vee 


“ 
— on 


Fig. 2. Details of opening and reinforcement 
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stresses in an area containing the open- 
ing were intensively studied in the case 
of seven plates. * A slide-wire gage 
grid system was specially devised for 
these tests. The specimens for the low- 
temperature tests were enclosed in an 
insulated bag through which chilled air 
was circulated to bring the temperature 
of the plate to —46° F as shown in Fig. 
3. 
Definition of Terminology 

The elongations measured over a gage 
length equal to the plate width at five 
points across the width as shown in Fig 
1 were averaged to give the average 
elongation, The term, load at genera! 
yielding, of the specimens was applied 
to the region where a definite elbow ap- 
peared in the plot of the total load on the 
plate against the average elongation. 
The area under this curve, or any por 
tion of it, represented the energy ab- 
sorption of the specimen up to the point 
under consideration, The ultimate load, 
the maximum sustained by the 
specimen, was divided by the origina! 
net cross-section area of the specimen to 
give the maximum average net stress 
or ultimate strength of the plates. The 
percentage of cleavage or shear in the 
fracture was taken as the ratio in per- 
cent of the cleavage or shear portion of 
the actual cross section of the specimen 
along the fracture line including any 
unbroken part of the plate width. The 
three shapes of opening are referred to 
as circular, square with rounded corners 


load 


and square, and the plates without 


openings as plain plates. The plates 
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Table 2—Description of Specimens and Type of Failure in Different Specimens 


Opening Test 
Corner Size of Reinforce- tempera- - Fracture, “ 
Spec. radius reinforcement, ment ture, Un- Location of 
No Shape in in % at Cleavage Shear broken final fracture 


36- x '/~in. plain plates 
100 81 0 76 24 
LOO 76 0 70 


36- x '/,;-in, plates with unreinforced opening 


2 Circular 0 76 0 80 20 Through opening 

Square '/ 72 0 60 Through opening 
corner ) 

Square 78 0 Through opening 


36- x '/>-in. plates with unreinforeed opening 


37 Square l'/, 0 76 0 DA i6 Through opening 


38 A Square I'/s 0 0 87 13 0 Through opening 
48 Square l'/, 0 20 91 0 Through opening 
69 Circular 0 76 0 67 33 Through opening 
Square 0 76 0 RY il Phrough opening 
OG Square ” 0 16 100 0 0 Through opening 


36- x '/,in. plates with openings reinforced by a face bar 
5 Circular 2x ‘ 74 12 Phrough opening 
6 Cireular 1x '/, 17 73 0 63 $7 Through opening 
7 Square ‘ 2x 75 0 59 Weld to Reinf. 
Square ‘ 16 74 0 38 rhrough opening 
9 Square 2x 72 0 4 56 Weld to Reinf 
10 Square 1'/s 1x ‘ It 75 0 6u 31 Through opening 
Square 1'/, 2x if 97 0 Phrough opening 
Square */s 16 16 75 25 0 Through opening 
18- x '/,-in. plates with openings reinforced by a face bar 
Square 2x '/s 70 0 i7 23 Weld to Reinf. 
Square 2 x 20 0 Through opening 
36- x '/,-in. plates with openings reinforced by a single doubler plats 
Cireular IS Dx '/, 102 75 Through opening 
12 Circular 13'/, Dx 50 73 0 62 38 Through opening 
1S Square Sx IS x 104 76 5s 12 Through opening 
(corner) 
14 Square 39 13! x 15 x ‘ 51 71 0 nO nO ‘I hrough opening 
(corner 
15 Square ISx 18x '/, 103 76 0 35 Phrough opening 
Square ISx IS x '/, 103 63 22 15 Through opening 
Square l'/s 13'/. x 13'/_x 52 734 0 Through opening 
{8- x '/-in. plates with openings reinforced by a single doubler plate 
Square IS x x 74 0 19 Weld to Reinf,* 
52 Square x I8 x i) 100) 0 0 Phrough body 


plate 


36- x '/,in. plates with openings re inforced by an insert plats 


17 Cireular 12%/, D x so 74 0 72 28 Through opening 

18 Cireular 10 Dx! WO 75 0 61 3u Through opening 

19 Square 15 Dx 33 76 Through opening 
corner ) 

20 Square 32 12*/, x 127/, x 0 72 0 Through opening 
corner) 

21 Square 1'/, 15 Dx 62 77 0 it 5 Through opening 

Square 1'/s 15 Dx 62 73 0 67 oe Weld to Reinf 
22 Square 12*/, x 12°/4% 17 06 0 Through opening 
i8- x in. plates with openings reinforced by an insert plate 

55 Square 15 Dx 70 28 15 Through opening t 

55 A Square 15 Dx 67 69 79 2! Phrough opening 

56 Square 15 Dx 66 100 0 Through body 
plate 

70 Square L'/s 12*/, x 12*/,x 1 76 Through opening 

71 Square i'/, 12*/, x 12%/,x 1 100 0 0 Through opening 


36- x '/,-in. plate with opening reinforced by a combination of face bar and insert plats 


Square is 76 67 Weld to body 
pl ite 


* Initial failure in pulling plates. Spec. 51 reloaded after 3 days, Spec. 52 after 9 daye 


+ Initial failure in pulling plates. Spec. 55 reloaded after 10 da 
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Fig. 3 Photographs of specimens during room and low-temperature test in 2,400,000-lb testing machine 


with unreinforced openings were con- 
sidered as having zero percentage of 
reinforcement. A reinforced plate with 
a net cross-section area equal to the area 
of the plain plate would have a per- 
centage of reinforcement of 100 percent. 


Behavior of Plates with 
Openings in the Plastic Range 
Elastic Stress Distribution 

The elastic distribution was 
computed by theory wherever a solution 
was available’. for a case similar to, or 
the same as that of, the specimens being 
tested and compared with results ob- 
tained from gage readings.‘ 
Some results are shown in Fig. 4 in the 
form of elastic stress concentration con- 
tours (a, A). Such figures indicate 
three important facts: first, that, for 
those cases where the ratio of the width 
of the plate to the diameter of width of 
the opening is greater than about four, 
the solution for a plate of infinite width 
will give satisfactory values of stresses, 
second, for all practical purposes the 
shape of the opening affects the elastic 
stress pattern only in the vicinity of the 
opening; and, third, the elastic stress 
concentration factor for a circular open- 
ing is 3.00 and 3.09 for a square opening 
with a corner radius one-eighth the 
width of the opening. 

In the plates with a single doubler 
plate reinforcement, the SR-4 strain 
readings indicated a second point of high 


stress 
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stress concentration in the body plate 
adjacent to the outer edge of the 
doubler. The theoretical stress distri- 
bution for an insert plate also shows such 
a point, 


80 / 
oso} 
6 


(A) 


Plastic Stress Distribution 


The stresses in the plastic range of the 
steel were computed from the measured 
strains in the specimen by the tangent 
modulus method of stress analysis*® * ° 
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Fig. 4 Computed elastic stress concentration contours and experimentally ob- 


tained plastic stress concentration contours. 
(A) infinite width, squore opening with ded corners (b) 


(a) Infinite width, circular opening; 


Spec. No. 69, tested at 76" F; (B) Spec. No. 37, tested at 76° F 
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Fig. 5 Unit strain energy contours at ultimate load and contours of equal rate of strain energy absorption 


(a,b) Spec. No. 69, tested at 76° F; (A, B) Spec 


developed by this investigation The 
plastic stress concentration contours and 
distributions follow a pattern similar to 
the elastic stress concentration con 
tours, samples of which are shown on 
Fig. 4 (b, B), and Fig. 6 

The transition from the elastic to the 
plastic stress state brought about sig 
nificant change only in the relative 
values of the stresses themselves As the 
load on the specimen was increased to 
the maximum or ultimate load, there 
wus a tendency for the plastic stresses to 
approach uniformity, that is, to develop 
a more efficient manner of carrying the 
stresses than existed in the elastic range 
This trend toward a more nearly uniform 
stress distribution was most pronounced 
in the specimens whose stress concentra 
tion factor was lowest. When a severe 
stress raiser was present, the plastic 
stress gradients around the opening 
were steeper 
Plastic Energy Distribution 

The unit strain energy distribution in 
the vicinity of the opening was com 
puted from the measured strains in the 
specimens by the octahedral theory of 
A. Nadai 


showing the unit energy distribution in 


Samples ol contour mape 


the plastic range appear in Figs. 5 
(a A and 7 

It is interesting to pomt out that the 
contour line for the average unit energy 
absorption, the total energy absorption 
in the gaged area divided by the volume 
of the specimen within that area, fell in 
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ilmost the same pattern in each plate ibs 
the contour line for unit stress concen 
tration for both the elastic and the plas 
tic stress state 
of the unit energ Lbsorption appeared 


Also, the higher values 


in the same small area of the specimen 
vhere the higher values of the elastic and 
plastic stresses occurred 

These few tests appear to indicate 
that one principal function of the rein 
forcement is that of reducing the spre ul 
hetween the maximum and the mini 


mum values of the unit energy absorp 


tion. In respect to the unreinforced 
plates, the distribution pattern of the 
stress concentration ind of the strain 
energy show how decreasing the severit 


of the notch reduced the concentration 
of high values around the corner of the 
opening and caused a more nearly un 
form distribution of the energy Here 
yain the importance of using generous 
noteh radii in design was indicated 

It was found? that the unit plasts 
energy absorption at any given pormt 
in the specimen ineren ed in accordance 


vith the empirical eq iation 


‘ 


vhere A and B were numerical quanti 
ties and P the applied load. The small 
quantity A was found to remain almost 
constant. The significant variable was 
BB. the slope of the semilogarithmi plot 
relating uand P. From semilogarithmic 
plote of u against P for each of the many 


points of the grid system on the surface 


No. 37, tested at 76° F; (b, B) equal rate of strain energy absorption. Strain energy kip-in. per cu in 


of the specimen, the ilues of B were 
obtained \ 
plot with respect to the average unit 


ermilogarithmie 


energ ibsorption uy, for the entire 
yavged area gave the average value of B, 
or B, The ratio B/B,. has been called 
the relative rate of increase of the unit 
energy absorption. Maps showing the 
contours of equal values of this ratio 
appear in Pig > (b, B), and &. The 
fact that the experimental data per 
mitted such a rationalization of the data 
indicated that the energ absorption 
le velop iin tematic manner at all 
points of the specimen as the load in 
creased 

In general, it was noted that the plates 
vhich developed the higher ultimate 


‘trengtl ihbeorbed the most energy 


Effect of Testing Temperature Upon the 
Plastic Stress and Energy Distribution 


The pis tic tre distmobutions and 
the plastic unit energy distributions in 
pecimens tested at room and 
erature ere examined by 
the pplication of st itietical methods 
for the purpose of determining whether 


the eould be correlated vith the moe 


of iraecture in an It was found 
that in the primate vith predominately 
cleavage tracture the higher plastie 
ind unit energ were con 
centrated more in a small aren 


around the opening than im the plates 


with the former mode of tracture that 
is, the plastic stress and energy gradients 
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were worn or 


Fig. 6 Plastic stress concentration contours in y direction for 
reinforced plates as determined from measured strains 


were steeper, Cleavage fracture was 
accompanied by a less efficient stress and 
energy distribution than shear fracture. 
Moreover, this effect of testing tempera- 
ture on the behavior of two identical 
specimens suggests that tests resulting in 
shear fractures cannot be used to give 
reliable predictions of the probable re- 
sults of low-temperature tests which 
produce cleavage fracture 
Conditions for the Initiation of Fracture 
Initiation of the fracture was ob- 
served to occur always at the maximum 
or ultimate load, regardless of whether 
it was of the shear or cleavage type and, 
in the region where the maximum values 
of the true stress, unit strain and unit 
energy were found, maximum rates of 
increase of the unit energy were ob- 
served. The highest elastic stress and 
first Liiders line were also found in this 


region 
The experimental data were examined 
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Fig. 8 Contours of equal rate of strain energy absorption for reinforced plates 
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Fig. 7 Unit strain energy contours at ultimate load for 


for information which might describe 
the conditions under which fracture was 
initiated, such as the maximum true 
stress, the maximum unit energy ab- 
sorption and the maximum unit strain, 
No single numerical value of any one of 
these properties could be used to predict 
the imminence of fracture. While the 
geometry of the specimen was an im- 
portant factor in determining failure, 
other factors such as the testing tem- 
perature, the mechanical properties of 
the steel before and after permanent 
deformation and, undoubtedly, the 
many small stress raisers produced dur- 
ing the fabrication and welding of the 
specimens were also significant. The 
plastic stress concentration 
factor in the vicinity of the origin of the 
fracture was always maximum in the 
elastic range and decreased in the plastic 
range, approaching a constant and also 
a minimum value as the maximum load 
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reinforced plates as determined from measured strains, 
strain energy kip-in. per cu in. 


on the plate was reached, This observa 
tion suggests that perhaps the low- 
energy cleavage fracture of some welded 
members, often accompanied by low 
ultimate strength may result in part be- 
cause the amount of plastic flow preced- 
ing fracture is not large enough to bring 
about a sufficient reduction in the plas- 
tic stress concentration factor. 


Effect of the Shape of the Opening 


The most important factor affecting 
the properties of the plates with open- 
ings was the notch-severity of the open- 
ing, which depends primarily upon the 
notch radius. The notch acuity was ex- 
pressed in terms of the ratio, Ro/R, 
where Ry is the half-width of the open- 
ing and Ry the radius of the notch 
The relations of various properties of 
those plates sustaining shear fractures 
are shown in Fig. 9. An increase in the 
ratio Ro/Ry, which amounts to an in- 
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tained by the use of the doubler plate 


type of reinforcement 


‘ 
++ was found to le in the geometric shape 
of the cross section of the remforcement 

principally it vidth in the direction of 

544.5 toe > Le the thickness of the body plate rhe 
“4 > rT. se jluare f the radius of gyration, the 
| » ‘* moment of inertia the net section of 


ransverse 


teriine of the plate d led by the area 
4° 4 ol the net section \ found to be a 


Suitable empirical parameter to eXPrens 


| the effect of the shape of the reinforce 
2 ment and will be referred to hereafter 
for brevity as Various properties of 
the plate vith opening ire related to 

r >< it in Fig. 11 average net stress at 

gene! elding decreased as the value 

| of | nereased to a value between 20 

| | | ind 30. The relations of the ultimate 

energ ibsorption to ultimate load to 

8 | 2 the meter / ere similar in nature 

juare opening 

RATIO Ra Rio corme there bh optimum value of 

Fig.9 Effect of notch acuity upon properties of plates with openings ;' ne me prow oints correspond 
ing to higher ies Ol this parameter 

represent those te vhere fracture 

crease in the notch severit heal little orption his optimum percentage of occurred in the eld at the outer edge 
effect on the average st it genera! reinforcement round 35 to 40% ol the einl ement or in the body 
yielding but reduced the ultimate for a face bar, 05 to 100°) for a single prleate llowever, me ich failures took 
strength the energ ibsorption to ulti doubler plate «ar omewhere between th ith circular open 


mate load elongation to ult ml te the neert plate The ng t} mpe of opening no 
mate load in a mann hicl i higher percentage ol remitorcement nt are trength or energy 


linearly related to the log 


t efficient at lor the higher 
ratio. The variation within the seatter 
bands in the e plots represents the effect 
of the percentage of reinforcement and 
the geometric shape of the reinforce 


ment 


Effect of the Percentage of Reinforcement 


The effect of the percentage of rein T — ye ye 
forcement upon the properties of those 
shown in Fig. 10. A slight downward + a 
trend in the average net stress at genera! 
vielding and the ultimate strength was ; | 
found as the percentage of reintorce } | 
ment increased The load-cart } 


capacity of the plates was increased b 
awlding more reinforcement No sig 
nificant change in the energy-absorbing 
apacity of the plates was brought 
° about by increasing the percentage of 


reintorcement 


Effect of the Geometric Shape 
of the Reinforcement 


There was found for each type of 4 
reiniorcement an optimum percentage 
of reinforcement below whicl the plates J salt ~~ 
failed through the opening Above this . 
optimum percentage the reinforcement eo: 
tended to act as a rigid inclusion in the - y| 
body plate, and failure occurred | hea 
in the weld joming the outer edge of the ~ athe 
reinforcement to the body plate Thi , 
latter mode of failure resulted in some . 
vhat reduced strength and energy al Fig. 10 Effect of reinforcement upon properties of plates with openings 
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CIRCULAR OPENING 10 values of k*?. Thus this empirical 


VQUBRE OFF NING 

ROUNDED COMERS parameter, the square of the radius of 

SHARP CORNERS po _s4--—~ T gyration of the net section of the plate, 
appeared to describe adequately and 


consistently the effect of the geometric 
shape of the reinforcement upon the 
ultimate properties of the plates. The 
data of these tests were combined with 
the data of other tests of plates with 
reinforeed openings.'* correlation 
similar to that in Fig. 11 was found here 
for the efficiency with respect to ulti- 
mate strength. There is good reason 
sok to believe that this parameter would be 

N O00 equally applicable to coamings, hatch 


reess -«S 


corners and other similar details. 


Efficiency 


3 | The ratio of the value of some par- 

‘ ” a ticular property of a plate with an open- 
3 4 } ane 4 ing to the similar value for a plain plate 
4 : 20 re may be called the efficiency with respect 
; ' got to the property under consideration 
‘ This ratio expresses the degree to which 
the reinforcement restores the qualities 
which would exist in the plain plate 

an Table 3 lists the values of the efficiency 

of the various 36- x '/,-in. plates with 

vf openings. The average of the values 

+ for the two plain plates was used as the 

RADIUS OF GYRATIONS IN OOO! RADIUS OF GYRATION)? IN O00)! 
basis foreach comparison. All the speci- 


mens in this table were tested at room 


Fig. 11 Effect of geometric shape of reinforcement upon properties of plates with 


openings temperature and sustained shear frac- 


Table 3—Efficiency of 36- x '/;-In. Plates with Openings as Compared with 
Plain Plate Tests at Room Temperature* 


Efficiency compared to plain plate, 
Ene absor plion 


Opening 


Corner Initial yielding Ultimate strength To 

Spee radius, Reinforcement, Average lverage ultimaté lo 

No Shape mn in Load alreas Load slreaa load failure 
Plates with unreinforced openings 

2 Cireular 76 101 75 100 28 9 

Square 76 61 82 

Square 76 101 72 is 15 

Plates with openings reinforced by a face bar 

Cireular 2x '/, face bar S4 100 SS $2 24 

Cireular 1x '/, faee bar 106 78 Is 15 

7 Square 2x '/, face bar ag Os 10 12 

Square Ix face bar 77 67 s4 il 

Square 2x face bar ON 77 Is Is 

10 Square I x '/, faee bar 103 SO) 101 40 25 

Plates with openings reinforced by a single doubler plate 

Circular IS Dx '/, doubler W 26 

12 Cireular Dx doubler 19 16 

i Square IS aq. x '/, doubler SS SS 77 s4 10 12 

Square IS aq. '/, doubler | so SY Is Is 

it Square mq. x doubler 78 19 

Plates with openings reinforced by an insert plate 

7 Cireular 12°/, Dx '/> insert OS M4 30 22 

Is Cireular 10'/, Dx 1 insert SS 101 su 102 23 

Square '/99 15 Dx insert 78 62 73 6 

20 Square 12°/, aq. x insert 73 85 14 

21 Square 15 Dx insert 78 82 20 25 

22 Square 12*/, sq. x '/» insert a7 75 87 15 16 

Plate with opening reinforced by a combination of face bar and insert plate 
Square x face bar 76 82 85 36 20 


14x 14% insert 


* All specimens listed in this table sustained shear fracture 


Vasarhelyi, Hechtman— Welded Reinforcement Weivinc Researcu SUPPLEMENT 


. 
rs 
$0 
Q 
‘ 
‘ 
| 


tures 
made for the remainder of the speci- 
mens since no cin 
tested at low temperatures o1 in 
plain plates at either room or low tem- 
perature Che ultimate strength and 
the energy absorption to ultimate load 
were greatly 
opening and to a lesser degree by the 
type and amount of reinforcement 
The nine specimens which gave the best 
performance had either circular open- 
ings or square openings with rounded 
corners, and all had reinforcement. In 
this group were two with face bar re- 
inforcement, three with insert plate re 
inforeement and four with doubler plate 
reintorcement 

One interesting observation about the 
plates with openings, either 
reinforced or unreinforeed, is that thei 


worst Im every 


square 


performance Was 
than that of the unreinforced plates with 
the square opening with rounded corners 
or the circular opening Reinforce- 
ment could not improve a bad notch 
The inherent low capacity of a 
member containing an opening to ab 
sorb energy is evident The efficiency 
with 


ultimate load ranged from 6 to 36° 


respect to energy absorption to 
with only eight specimens having values 
While it 
possible in the case of shear fractures 
welded 
openings that would develop the ulti 
strength of a plate the 


stress concentration present in an open 


in excess of 25% appears 


to design reinforcement for 


mate plain 
ing and its reinforcement would prevent 
the member from absorbing more than 
a small fraction of the energy of a plam 
plate 
Modes of Fracture 

There are four distinet types ol 
failure in the test series 


| High-energy shear fracture 
2 Low-energy shear fracture 
4 High-energy cleavage fracture 
} Low-energy cleavage fracture 


examples of the first type of failure 
are furnished by the room temperature 
shear fractures in Table 2. The second 
type ol failure appeared in at least the 
three of the 36- x '/,in. plates with a 


square opening which absorbed the 
least energy of all the plates, Specs. 4 
13 and 14 A number of examples of 
the third type of failure are those in 
which the energy absorption for pre- 
dominately cleavage fractures was equa! 
to, or even greater than, that developed 
for shear fractures. The fourth type 
which was completely brittle in nature 
was found in only two plates, Specs. 71 
and 96 
of failure suggests to the designer that 
itself 


should be regarded as undesirable, but 


This unusual array of types 


fracture 


not only the cleavage 


rather any low-energy fracture, whether 


cleavage or shear 
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No direct comparisons could be 


plain plates were 


iffected by the shape of the 
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failure oceurred 
If the 
original notch in the specimen was not 


The third type of 
under the following conditions 
sufficiently sharp to initiate cleavage 
fracture at the testing temperature and 
if the testing temperature was below 
the transition temperature of the steel 
Navy tear-test 
the first crack to form was a shear frae 
crack then 


raiser and was 


as determined by the 
ture This shear became 
the predominate tress 
immediately sufficiently severe to cause 
i cleavage fracture to Pass completely 
through the plate 
planation for this third type of failure 


is that the specimens 


The apparent ex- 


displaying this 


type fell in the fracture transition range 


ind not in the ductility transition range 
for the particular ombination of yeom 


etl ind steel 


Considerations in the Design of an 
Opening and its Reinforcement 


General Remarks 
The results of this investigation are 
ipplu ible to man pla es of the de wh 


of openings and thew reinforcement 
hould not 
be applied to structural details unlike 
those 


mens unless there is a proper basis for 


The remarks which follow 
in the pre ent program ol speci 


such an applhieation 

High 
ultimate strength can be obtained in 
with either 
fracture, if all stress 


energy absorption and high 


velded structures together 
shear or clea‘ 
reduced 


raising effects are iffimiently 


ind if, in addition, the operating tem 
perature of the structure is not below the 
fracture transition temperature for the 
steel as determined by the Navy tear 
test The 
tion and 


ibsorp 


ultimate 


energy 
trength in these 
tests were alway sociated with sharp 


notch radii, rewardle of the mode of 


fracture The primary problem there 
fore in the design of an opening and its 
reinforcement is the reduction of stress 
concentration It easonable to con 
iecture on the basis of these tests that 
the best possible practical design of an 
opening and its reinforcement would as 


yield 


ultimate strength of 


sure the development of the 
strength and the 
the 


one-third of ite 


but only about one-fourth to 


potential energy-ab 


vorbing capacity These value ire 


possible only us the operating tem 
perature is sufficiently high to prevent 
low-energy fracture since low tempera 
ture tends to aggravate the stress 


raising effect of notches 


Shape of the Opening 
Since the corner radius of the opening 
was found to be the most 


factor in these tests. it should be selected 


unportant 


to give the smallest possible ratio of 


the half-widtl 


divided by ite corner 


of the opening 
radius. The 
present tests indicate that a value of 


eight or less is desirable and that smaller 


Hechtman 


Welded Re inforcement 


of this ratio permit the use of 
ind more rigid reinforcement. 
will not overcome the 


values 
heay ie! 
Reinforcement 
adverse effects of a sharp noteh radius 


but may aggravate them 


Reinforcement 

The optimum percentage ol 
forcement was different for each type 
ot remlorcement It was 
10°, for a face ba 


iround 35 to 
05 to 100%, for a 


single doubler plate ind somewhere 
hetwee! and oof, for in oimeert 
plate 


Ihe double plate Wits the only 


type of reinforcement tested which was 
considered satisfactory for a percentage 
The 


in be built into 


ol reMmnforcement ol 
mount of rigidity that ¢ 
the reinforcement ust be decreased as 


the notch severity of the opening 1D 


Increasing the ro ection area of 
the reintorcement for an Opening 
brought ibout increased ultimate 
strengt! ind energ theorption only 


vith of the reinforcement in 
the direction of the body plate thickness 
quare of the 


when the 


was kept mall Phy 
radius of gyration of the net cross sec- 
tion of the plate 
sitishactor empirical parameter for 
distribution of the 


vith Openings was a 


determiming the best 
remmiorcement 

Nlere merensing the net cross 
ection area without due regard to fore- 
going tact esulit im design 
which i not a dequ ite as ho reime- 


forcement at all 


Other Factors 
This inve 


tigation has not included 


other unportant factor uch as the 
properties of different steels, a different 
state of stress from pure tension dy- 
iomding or the many other 

ralole vhich may exist in the prac- 
problem Ihe introduction of 


these factors ma modify some of the 


remiarh ist pre ented 


icknowledgment 

guided by the Ship 
through an ad 
John 
The investigation 
vas directed by Prof. R. A. Hechtman 
Prof. D. D. Vasarhelyi supervised the 
test program vith the assistance of K 
J. Kenworth Yoshimi and 
Robert McHugh. The 

theu ipprecmation to Mr 
Vasta and to the late Dy 


for 


research 
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CORROSION OF THREE STAINLESS STEELS 
IN HOT HYPOCHLORITE SOLUTION 


BY C. BIGHI AND G. PANCALDI 


base coated electrodes used to weld the level, while intergranular corrosion was 


Caldo 


Abstract of “Sulla Corrosione A 


in Ipoelorito Commerciale Di Acciai specimens were IS-S, 18-8 Ti and un- observed in the heat-affected zone 
Inossidabili Dei Tipi 18-8 Ti, 18-%, stabilized 14%, Cr, respectively, The Weight loss measurement on unwelded 
18-Ti Sottoposti A Saldatura,” pub- specimens were 1.6 x 24 in. The specimens showed the slight superiorit 
lished in Metallurgia Italiana, 48, 73-81 austenitic steels were O04 in, thick: of 18-S Ti. Welded 18-8 Ti also wa 
(February 1056) \ paper from the the ferritic steel was 0.08 in. thick slightly superior to welded 18-8. The 
Chemistry Department of the Uni- The solution pH was 11.6. The loss welded ferritic steel corroded 30 times 
versity of Ferrara in weight was me wsured as well as the more rapidly than the unwelded sheets 
Unwelded and welded specimens of percentage of Fe, Cr, Ni and Ti in the The welded austenitic steels corroded 
three stainless steels, 18-8, IS-S Ti and solution after test Butt welds and ten times as rapidly as the unwelded 
li-stabilized 18Cr - 0.08C, were partly corner welds were tested, and showed specimens. Annealing the welded fe: 
wd totally immersed im hypochlorite about the same results ritic steel at 780° C decreased the 
solution at SO° C for & hr. The lime- Both pitting and intergranular attack corrosion rate slightly. The corroding 
were observed in all three steels.  Pit- solution contained a higher ratio of 


Abetracted by Dr. G. E. Claussen, Metale Ke 
search Laboratories, Klectrometallurgical Co ting occurred particularly at solution Fe to Cr or Ni to Cr than in the stee!}- 


Niagara Palle 


RESEARCH NEWS 


(Continued from page 4145-8) 


counter which can be set by means of 


rhe new programmer can be preset 


(1) to 10 static load levels in either six-decade (10-position) switches whicl 
tension or compression, and/or (2) * can be set anywhere between O00000 
10 clynamic load levels, each of whieh and 999999 cycles. 


Sequencing is determined by a three- 


can be set, (3) for any number of load 
cycles up to 900,000 (4) se juenced in 
any desired preset order of load levels 


position sequence selector switch. In 
the first position the 10 load steps are ' 
repeated in the order of 1 to 10. The 
second position takes the steps from 
1 to 10, then 10 to | successively. The 
third position prov ides for random orde: 
of load steps, permitting 20 selections 
of load levels in any order and sequence 
ing them. The number of sequences 


for (5) any preset number of sequences 


The new programmer can be used 


on fatigue machines that are equipped 
with Baldwin's new “adjustable while 
running oscillator.”” These include the 
SPF-1-U) machine of 2000-lb capacity 
and SP-10-U) machine of 10,000-Ib 


capacity A similar programmer Is is preset on a sequence counter which 

available also for use with a new SF- provides for a maximum of 9909 

100-U machine of 100,000-Ib capacity load, either static or dynamic, can be sequences, 

which is now being built changed by the programmer is approxi- The panels of the programmer also 
Load levels can be set on any values mately 500-lb per min. Duration of the provide space for controls that are 

up to machine capacity. On the application of each of the ten load levels suited to the testing machine with 

SP-1-U machine the rate at whieh the is determined by an electronic evele which the programmer is used, 
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BASIC CHARACTERISTICS OF SOME 
HEAT-RESISTING BRAZING FILLER MATERIALS 


Advantages and limitations of nickel-chromium-boron, 
nickel-chromium-silicon and gold-nickel brazing filler materials 


are evaluated on the basis of experimental results 


BY W. H. CHANG 


characteristics of 
two nickel-chromium-boron, one nickel- 
chromium-silicon, and gold-nickel 
brazing filler materials have been investi- 


basi 


ABSTRACT. The 


ore 


gated. These characteristics include sur- 
face preparation, brazing time temper- 
ature, and atmosphere base-material 
intergranular penetration, and, in par- 


ticular, the effect of joint clearance on the 


room-temperature tensile properties of 
butt joints brazed with these filler mate- 
rials. It that the 
nickel-chromium-base filler materials yield 


satisfactory joints only at small clearances, 


is shown conclusivel) 


whereas the excellent tensile properties 
possessed by the joints brazed with the 
Gold-18%, Nickel Alloy are practically 
not adversely affected by clearances 


intergranular pene- 
tration on both base and filler 
has also been demonstrated 

observations have related 
torily to the joint microstructures which, 


The dependence of 
materials 
All 


satisiac- 


these 


been 


in turn, are explained in terms of metal 
lurgical factors as constitution of, 
and interdiffusion between, base and filler 
Based the experimental 
vivantages and limitations of 


such 


materials on 
the 


the filler materials are evaluated 


Introduction 
This paper summarizes the results ob- 
iluation of 


results, 


tained on a preliminary e 
four brazing filler materials which pos- 
sess potential use in brazing for high- 
The evalu- 


rooni-tem perature 


temperature applications 


ation was based on 


tensile properties of butt-brazed joints 


and was intended for two purposes 


1. To study the basic brazing chat 


wteristies of these filler mate 
riais 

2 To serve as a guide in further se 
lecting those filler materials 
best suited for future investi 
gations 

\ literature survey was made in the 


field of br izing for high-temperature 
service. The results! revealed that 
following the development ol everal 


jum-base brazing alloys 


nickel-chron 


the scope of brazing heat-resi 


ting ma 


W. H. Chang Re» and t 
Engineer Chener 

N.Y 

presented 6 AWS I Seat 
(Cleveland, & 

SEPTEMBER 1056 


terials has been widened considerably ally complex, these alloys normally 
to include service temperatures hereto- contain brittle intermetallic com- 
fore too high for BCu or BAg filler ma- pound or eutectic phases and melt 
terials. Joints brazed with these new 
alloys have under certain conditions he 
been found to possess tensile properties ‘ rT 
equal or close to those of the base ma- e Lf 2 
terials over a wide range of temper- 1 . 
atures. In addition, these joints are a 
ilso endowed with high oxidation re * 
sistance. It is disturbing to note : 
however, that in spite of the growing 64 ot 
popularity of the new brazing alloys, 
hasic information defining the condi APPLIED WERE ve Oma, HOLE 
tions under which these alloys should " 
best be applied is still lacking | | 
Materials 
In order to facilitate subsequent dlis- Fig. ] Sketch of brazing specimen 
cussion of the experimental results, it 
uppears appropriate to describe briefly 
the filler and base materials used in this 
investigation 
The four filler materials selected for . 
this investigation were obtained from 
their respective manufacturers and are 
identified in this paper as Ni-Cr-B 
Allov No. 1, Ni-Cr-B Alloy No. 2 4 ; 
Ni-Cr-Si Alloy and Au-18% Ni Alloy ; 
respectivel The nominal COM POs! 
tions are given in Table | . ‘ " 
It will be observed that these brazing P ‘ 
alloys fall into three groups according to 
their characterist: vhich affect both 
the brazing technique and the quality 
of the brazed joint Phu Ni-Cr-B Fig 2 WN-155 joint of “zero” clear- 
Alloys Nos. | and 2, although melting ance brazed with Ni-Cr-Si Alloy at 
it different temperature range are 2200" F for 5 min, showing presence 
in that thev are ilticomponent of brittle phase due to insufficient 
Ni-C r-base illo ontaining a few diffusion Electrolytically etched in 
percent of boron. Being constitution chromic acid. X 100 
Table |Description of Brazing Filler Materials 
/ ‘ als pplied 
Na nal compo ition, iulu / 
Al 3.5 B, LOC, 4.0 Fe 1925 (25 mesh powder 
Ni-Cr-B Alloy No.2 7 Cr, 4.5 Si, 3 B, 3 Fe, bal. Ni 1825 250 mesh powder 
Allo iC'r, 5.0 Fe, bal. Ni 2045 200 mesh powder 
Au-I8S% NiA Au, Ni 1742 in. wire 
Chang Brazing Filler Material 
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Fig. 3 
over a range of temperatures. When 
heated within the latter range, these 


alloys exist partly as liquid and partly 
as solid. In the presence of such influ- 
ences as gravity and capillarity, there 
is a etrong tendency for the liquid por- 
tion to separate from the solid portion, 
resulting in the phenomenon of liqua- 
tion. When this occurs in brazing as, 
for example, a consequence of slow 
heating, the residue, having a 
raised melting range from that of the 
original brazing alloy, is likely to re- 
main solid and thus unavailable for 
filling the joint 

Like the Ni-Cr-B alloys, the Ni-Cr-Si 
Alloy also melts over a range of tem- 


solid 


peratures and forme brittle phases upon 
solidification, Unlike the 
first group, however, the Ni-Cr-Si Alloy 
is boron-free and thus merits separate 
consideration. Whereas the addition 
of boron lowers the melting range and 
hence the brazing temperatures of the 
alloys of the first group, it also causes 
base-metal intergranular penetration 
about which more will be discussed 
later in this paper. Suffice it 
that, in brazing thin materials, the con- 
trol of temperature and time is not as 
critical with the Ni-Cr-Si Alloy 
with the boron-containing alloys 

The Gold-18% Nickel Alloy 
sents still a third group of filler ma- 
terials. The composition of this alloy 
lies at the minimum of two series of 
solid solutions between nickel and gold 
The alloy, therefore, melts at the single 
temperature of 1742° F and exhibits no 
tendency toward liquation during braz- 
ing. Microstrueturally, the 
Ni Alloy solidifies as a single solid solu- 


alloys of 


to say 


as it is 


repre- 
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Tensile strength and percent elongation of brazed N-1 55 joints 


tion which breaks down into a mixture 
of two solid solutions at temperatures 
below about 1300° F. This alloy thus 
differs from those described above in 
that it neither contains brittle phases 
nor forms such phases when used to 
braze Ni-Cr-Fe base materials 

The base materials used in this in- 
vestigation were N-155, AISI 347 and 


AISI 405. As shown in Table 2, the 
composition of these base materials 
ranges from simple for AISI 405 to 
rather complex for N-155 
AT 2000%F FOR 
ur ‘ O MIN 
AlS| 347 HEATED 
e 
AT 2200 °F FOR 30 
8 MIN 
++ 
2 
a | | | 
Ni=Cr=B NOT 
| Nit cr-B-NO2 
“emi-cr-si || 
0 ' 2 3 4 5 6 7 
CLEARANCE (000! IN) 
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Fig. 4 Tensile strength and percent elongation of brazed AISI 347 joints 


Table 2—Composition of Base Ma- 


terials 
Base 
material Nominal composition, % 
N-155 0.15 C, 20 Ni, 20 Cr, 20 Co, 
3 Mo, 2.5 W, 1 Cb + Ta, 
0.15 Al, bal. Fe 
AISI 347 «60.08 C, 2.0 Mn, 0.75 Bi, 10 Ni, 


18 Cr, 08 Ch + Ta, bal. Fe 
0.09 C, 0.5 Mn, 0.5 Si, 12 Cr, 
0.5 Ni, 0.2 Al, bal. Fe 


AISI 405 


Brazing Equipment 

Brazing was performed exclusively in 
a hydrogen atmosphere without the use 
of conventional flux. For this purpose 
use was made of two hydrogen furnaces 
one silicon-carbide-heated and the othe: 
molybdenum-wound. These furnaces 
were similar in size, having a heating zone 
of about 5x7x20in. In order to main- 
tain the required atmosphere, the speci- 
mens to be brazed were enclosed in a 
low-carbon steel box provided with gas 
for 


thermo- 


passage as well as entrance one 
nickel/nickel-26%, tungsten 
couple. The hydrogen was first passed 
through a deoxidizing device which 
by means of its palladium catalyst 
removes oxygen by accelerating the 
reaction 2H, + O, 2H. The 
deoxidized hydrogen was then dried by 
passing through « train consisting 
of activated alumina, a mixture of 50°, 
P,O, and 50% CaHy, and finally a 
copper coil immersed in liquid nitrogen 
As measured at the entrance to the 
brazing box, the hydrogen had a dew 
point below —S80° F. 


Brazing Procedure 


The specimens, machined to the re- 
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Fig. 5 Tensile strength and percent elongation of brazed AIS! 405 joints 


quired shape and size to be described 
later, were vapor-degreased and the 
scale blasted off with No. SO steel grit 
on all sides except the joining surface 
The latter was grit blasted earlier to 
evaluate the effect of surface prepara- 
tion, but was discontinued when it was 
found to offer no special advantages 
over ground surlaces. 

The matching units of each specimen 
welding at the 


Shortly 


vere assembled by tack 


four corners of the joining area 


before brazing, the filler material, 
either as powder or as small pieces ol 
wire, was applied in a manner explained 


in the next section After being sealed 


in the steer! haox desenbed the 


subjected to the follow 
ing brazing treatment 


per mens were 


] Two-minute nitrogen purge 


2 Vive-minute h 
5 Heating at the 


atures lol 


drogen purge 

desired temper 
t prescribed length 
of time with 
of 25 efh 


} W ithdr iwn into cooling chamber 


i hy drogen flow 


and cooled for 45 min 


5 One-minute nitrogen purge 


Specimen Design 


This investigation called for a proper 


specimen design with respect to joint 


type hape, size and mie thod of apply 


ing filler material As shown in Fig 


cated in Fig. 


| i rectangular butt-type specimen, 

2. x 3-in. in over-all dimensions, 
vas adopted. The butt joint was 
favored because of Case in preparation in 


widhition to ite sel ng the Purpose well 
The specimen size was a compromise 


unong several considerations including 


future ipplication, furnace capacity, 
ind the number ol tests to he made 
Irom enuct men It may be de 


duced from Fig. | that two standard 
0.250-in. tensile bar ind one metallo 
graphic section could be prepared from 


each brazed joint 

In view of the complexity of the se- 
lected filler material the method of 
applying filler material was perhaps the 
most critical phase of the joint design 
ent premature melting 


reaction of the filler 


In order to pre 


ind thus localized 


material with the base material, the 
filler material should be located such 
that it will not reach the braging tem 
perature thead of the joint For this 


method of applying the 


reason the 
brazing powder or wire as Ulustrated 


in Fig. | was adopted The filler ma- 
inside a '/¢in, 
diam by ~in. deep hole drilled at the 
center of the bottom of the upper unit 
Acro the top ol this hole, 


horizontal hole was 


terial Vil contained 


another 
mall drilled 
through the thickness of the 
The horizontal hole served 
brazing alloy 
In addi- 
tion to k ibility of pre- 
melting of the filler 


this design involved a relatively 


entire 
specimen 
both for 


ind for hydrogen circulation 


feeding the 


ening the po 
material, 
small 


mature 


of machining work 


Che joint clearance was maintained 
ig the brazing 
bottom unit to the r juired depth with 


houlder on each side, as indi 


by recessil urface of the 


Whenever it appears 


Base Filler earance 
material materia 
N-155 Ni-Cr-B Allov No. 1 0 
Ni-Cr-Si Allo 0 


\ 


IS Ni Allo 


AISI 405 Ni-C'r-Si Allo 0 


tended 


Table 3—Effect of Surface Preparation on Room Temperature Tensile Properties of Brazed Joints 


Surface 
lemperature / Time, min finiah® 
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ground to 20 micro-in. fini h 
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in this report, the term “zero” clearance 
i* taken to mean that the brazing sur- 
faces of the matching unite were ground 
flat (or grit blasted after grinding) and 
butted together without providing inten- 
tional clearance. 


Effect of Surface Preparation 


Since specimen cleaning has already 
been described in connection with the 
brazing procedure, this section will be 
confined to the effect of surface rough- 
ness, The latter is of interest in braz- 
ing in view of its effect on the spreading 
of brazing filler materials 
solid, and vapor, 


In a system 
composed of liquid, 
spreading of the liquid on the solid sur- 
faces replaces the solid-vapor interface 
by « solid-liquid interface. In doing so, 
it entails some interfacial energy change. 
This change may either 
negative, depending primarily on the 
affinity between the liquid and the solid. 
As the liquuid- 
vapor interface is also created, invari- 
ably resulting in an increase of surface 
energy. In order for the liquid to 
spread therefore, the 
energy change due to the replacement 
of the solid-vapor interface by the solid- 
liquid interface must not only be nega- 
tive but also exceed the energy increase 
caused by the creation of the liquid- 
vapor interface. Assuming this to be 
the case, it follows that surface rough- 
ness tends to promote spreading since 
a liquid film of a given radius of curva- 
ture covers more solid surface area when 
the latter is rough than when it is 
smooth. The energy required to form 
the liquid film remains constant in both 
cases, whereas the energy decrease due 
to the elimination of the rough surface 
under the film is greater than that of 
the smooth surface. The driving force 
for spreading is hence larger on the 
rough surface 

The above discussions are of necessity 
simplified. However, they do serve 
some guidance in brazing. In a system 
where the liquid and solid atoms are 
indifferent to each other, such as brazing 
steel with copper, a grit-blasted surface, 
for instance, will be desirable, if not 
necessary, to promote flow. On the 
other hand, if the two 
tend to alloy with 
ciably, the energy decrease 
the replacement of the solid-vapor inter- 
face by the solid-liquid interface may be 
so overwhelming that the liquid spreads 


be positive or 


liquid spreads, a new 


spontaneously, 


atom species 
appre- 
caused by 


extensively regardless of surface condi- 
tion of the solid. Such a case would 
appear to be true for the base and filler 
materials used in this investigation 
In reaching these considerations, it was 
realized that in actual brazing, the phe- 
nomenon of spreading is more compli- 
cated. Whereas alloying between base 
and filler materials promotes spreading, 
prolonged local reactions may exert 
just the reverse effect by rendering the 
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> 
4 
ty ut eds) 
A. As-received N-155 
. 
° 


$3) 


8B. Brazed with Ni-Cr-B Alloy No. | at 2200° F 
for 30 min, 


C. Brazed with Ni-Cr-B Alloy No. 2 at 2000° F 
for 30 min. 


filler material sluggish. Further, in 
preparing the surface roughness, foreign 
particles insoluble in the brazing alloy 
may be introduced into the joint. 
These tend to interfere with the brazing 
alloy flow, create porosity, and act as 
stress-raisers. 

To obtain some experimental evidence 
as to the effect of surface preparations, 
specimens of N-155 and AISI 405 were 
prepared according to the design of 
Fig. 1. The two abutting surfaces of 
each specimen were identically finished, 
either ground to a finish of 20 micro-in. or 
blasted with No. SO steel grit after grind- 
ing. These specimens were then brazed 
with Ni-Cr-B Alloy No. 1, Ni-Cr-Si Alloy 
and the Au- 18% Ni Alloy 

Visual inspection and 
examination revealed little difference 
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D. Brazed with Ni-Cr-Si Alloy at 2200° F for 
30 min. 
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E. Brazed with Au-18% Ni Alloy at 1900°- 
2000” F for 10 min. 


Fig.6 Microstructures of "zero" clear- 
ance N-155 joints. Electrolytically 
etched in chromic acid. X 100 


in extent of flow and microstructure 
between the two types of surface prep- 
arations. Tensile test of these speci- 
mens gave results shown in Table 3 
These indicated that, in general, the 
as-ground specimens were slightly better 
than those grit blasted. A definite rea- 
son for this difference is not known 
In view of the small number of speci- 
mens tested, the possibility of statistical 
fluctuations probably should not be 
overlooked. In any event, these results 
dictated clearly the choice of grinding 
over blasting in preparation of subse- 
quent specimens. 


Brazing Temperature and Time 


Brazing Temperature: In addition 
to the melting range of the filler materi- 
als, there are other considerations in 
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A. Brazed with Ni-Cr-B Alloy No. | at 2200 C. Brazed with Ni-Cr-Si Alloy at 2200” F for 
F for 30 min 30 min 
B. Brazed with Ni-Cr-B Alloy No. 2 at 2000° F D. Brazed with Au-18% Ni Alloy at 1900 
for 30 min. 2000” F for 10 min 
Fig. 7 Microstructures of 0.002-in. clearance N-155 joints 
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A. Brazed with Ni-Cr-B Alloy No, | at 2200" F C. Brazed with Ni-Cr-Si Alloy at 2200” F for 
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B. Brozed with Ni-Cr-B Alloy No. 2 at 2000° F D. Brazed with Au- 18% Ni Alloy at 1900 
for 30 min. 2000” F for 210 min 


Fig. 8 Microstructures of 0.004-in. clearance N-155 joints. Electrolytically 
etched in chromic acid. X 100 
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selecting brazing temperatures. For a 
horizontal joint, the distance, X, 
through which a brazing filler material 


flows, may be approximated by 


X V Det/Su 


where D is the joint clearance, ¢ time of 
flow, and o and 4 respectively, the 
surface tension and viscosity of the 
filler material at the brazing temper- 
ature for a given material. Since vis- 
cosity decreases exponentially with 
temperature, a high brazing tempera- 
ture is obviously desirable in order to 
fill a large joint area, The optimum 
temperature to be used, however, is also 
influenced by the furnace capacity, and 
by the adverse effect uch as excessive 
softening and grain growth, which may 
be imposed upon the base material by 
the elevated temperatures. Wherever 
a hydrogen atmosphere alone is used as 
flux in brazing chromium-containing 
base materials, the reducing power of 
the gas as a function of temperature 
must be taken into consideration. For 
example, it can be shown from simple 
thermodynamics that a hydrogen at- 
mosphere having «a dew point of 

80° F should reduce CreQ, at tempera- 
tures slightly above 1350° I In brazing 
practice, while it is relatively easy to 
purify the hydrogen gas to a dew point 
of 80° F it is rather difficult to main 
tain this dew point inside the braging 
container Without prolonged purge prior 
to the brazing operation Using the 


brazing procedure adopted for the pres- 


ent work, it appeared that reduction 
of CreO, did not pro eed readily until 
ihout 1900° I In this particular case, 


the latter temperature thus set a limit 
below which brazing of the chromium- 


hearing base materials could not he 
itten pted 

In accordance with the foregomg 
consideration temperature of 2200' 


F was chosen for Ni-Cr-B Alloy No, 1 
and the Ni-C'r-Si Alle ind 2000° | 


for Ni-Cr-B Alloy No. 2. In the case 
of the Au- 18% Ni Alloy, a temperature 
range ol 2000) h about 


250° F above the melting temperature 


of the brazing allo vue used for rea 
on tuted above 

Brazi Time iZing time an used 
here refers to the time U rough which 
the specimen ix held at the brazing tem 
perature Ihe relationship, X 


VDot/3u, mentioned previously, 
cates that the distance covered by the 
brazing alloy in a hormontal jomt in 
creases with V1 Doubling the braging 
time thus only results in approximately 
10°, increase in the flow distance 

To evaluate the effect of brazing 
time, specimens of N-155 and AISI 347 
with “zero” clearance were brazed with 
Ni-Cr-B Alloy No. | and Ni-Cr-Bi 
Alloy for 5 and 30 min. ‘Tensile test 
results of these are presented in Table 4 


‘ 
or 


; The tensile properties of the joints, 
Table 4—Effect of Brazing Time on Room-Temperature Tensile Properties of particularly those of N-155, were more 


Brazed Joint consistent when brazed for 30 min than 

when brazed for 5 min. Whereas some 

Surface As-ground of the joints brazed for 5 min showed as 

Brazing temperature 2200° F good strength and ductility as those 

Tensile brazed for 30 min, others broke at 

Base Filler Brazing strength, Elongation in Reduction of the joint during machining of the ten- 
material material lime, min par 1 in., % area, % sile bars. Incomplete filling was usually 
N-155 Ni-Cr-B 40 102, 500 25 0 21.9 apparent in these cases. By microscopic 
Alloy No. | 101,000 23.0 20.0 examination of the as-brazed joint, it 

h 103 , 000 21.0 17.3 was found that in some instances the 


One broke on machining 5-min brazing time was too short for 
94, 200 16.0 14.5 sufficient diffusion between the base 
One broke on machining and filler materials. As a result, some 


Ni-Cr-Bi 92,900 16.0 13.9 
Alloy 85 600 12 0 10 8 brittle phases were present in these } 
a 72.600 60 5G joints, as shown in Fig. 2. The detri- 
One broke on machining mental effect of these phases will be 
AISI 347 Ni-Cr-B 30 85, 200 30.8 36.0 made clear in the next section. 
Alloy No. I 68, 800 18 0 15.0 In the light of these findings, the 30- 
81,500 26.0 22.5 min brazing time was preferred for all 
71,000 140 14.5 the filler materials except the Au-18°% 
66, 500 47.0 40.2 Ni Alloy. For the latter, a brazing time 
86, 500 13.0 a4 ° of 10 min was used since, with no brittle 
86, 200 “40 34.0 
56. GOO 80 10 8 phases involved, prolonged diffusion 
Ni-Cr-Si 40) $4.00 44 0 32 5 was not necessary to improve the joint 
Alloy 83, 500 34.0 29.9 properties. 
h 84,300 36.0 33.2 It may be added that in order to 
80, 000 22 0 19.7 maintain a constant heating rate, the 


Table 5—-Room-Temperature Tensile Test Results on Brazed N-155 Joints 


Brazing cycles: Ni-Cr-B Alloy No. 1 and Ni-Cr-Si Alloy: 2200° F, 30 min. Ni-Cr-B Alloy No. 2: 2000° F, 30 min 
Au -18% Ni Alloy: 1900°-2000° F, 10 min 


Intended Tensile 02% 
Filler clearance strength, yield strength Elongation in Reduction in Location of 
material in pat pai lin., % area, % failure 
Base material subjected to 2200° F, 30-min 111,000 45,000 53.0 624 
evele 110,500 4,500 53.0 61.0 
Nit'r-B Alloy No. 1} “Lero 109, 200 45,800 46.0 20.0 j* 
109, 000 44, 200 12.0 33.7 J 
104, 800 18, 400 22 0 IS J 
06, 500 18, 200 19 0 19.0 J 
0 002 59, 600 4, 100 20 2.1 J 
55,200 15,700 10 2.1 J 
0 OO4 53,300 19, 200 20 0 J 
48,500 20 0 J 
Base material subjected to 2000° S0-min 131,000 72,000 60 0 
evele 130,000 72,000 15 0 62.5 
Ni-Cr-B Alloy No, 2 “Zero” 103, 200 65, 600 20.0 18.0 J 
09, 500 65, 200 0 17 0 J 
06, 400 72,000 19.0 Ik 0 J 
05, 600 72,500 0 15 0 J 
0 002 44, 600 0 0 J 
One broke on machining 
20,320 0 J 
15, 400 0 0 J 
Ni-Cr-Si Alloy “Zero” 97, 500 19, 500 18.0 15.5 J 
04,000 17,000 16.0 14.5 J e 
92, 800 $2,500 16.0 14.0 J 
01,400 5,500 15.0 13.2 J 
0 OO 48,400 43,500 2.0 0 J 
47,200 44,400 20 0 J 
0 004 Two broke on machining 
Au- 18% Ni Alloy “Zero 121,500 65, 000 28 0 24.5 J 
121,000 65,600 25 0 22 3 J 
120,000 64,600 22.0 190 J 
119,500 64,900 24.0 20 2 J 
0 120, 800 74,100 28.0 23.8 J 
120, 400 72,000 25.0 23.0 J 
0 004 124,500 72,400 22 0 21.5 J 
124,000 71,000 21.0 19 5 J 
0 006 118,000 64,100 25.0 21 0 J 
117,500 64, 500 J 


* Joint 


136-8 Chang—Brazing Filler Materials WELDING RESEARCH SUPPLEMENT 


~ 


furnace charge was kept at 3 specimens 
per run. The temperature-time rela- 
tionships for each base material-fille 
material combination were established 
Ni/Ni-26 thermo- 


couple into the center of a dummy which 


by inserting a 


replaced one of the three specimens of 
the first charge 


Joint Strengths Vs. Clearance 
Under pre-established conditions de- 
scribed in the foregoing sections, speci- 
mens of all three base materials, with 
0.002 in 


were brazed 


intended clearance of ‘zero,’ 
0.004 in. and 0.006 in 
with the 5 filler materials 
ard 0.250-in. tensile bars were machined 
from each of the as-brazed specimens 
and tested at 
Tables 5 to 7 summarize the brazing 


Two stand- 


room temperatures 
conditions and the tensile test results 
The latter include those of the base 
materials subjected to the same brazing 
From these 


cycles for comparison 


tables, the average values of tensile 
strength and of elongation for each base 
material-filler material combination are 
plotted against joint 


5 


calculated and 
clearance in Figs. 3 


The data contained in the above- 
mentioned tables and graphs may best 
be discussed according to the classifi 
cation of the filler materials as pre 
viously described 


Ni-( r-B Alloys Nos l and 2 


these two contain ap 


Com 
position wise, 
proximately the same amount of boron 
but differ in the ratio of Ni/Cr (see 
Table 1). Nevertheless, the 
temperature tensile properties of joints 


room 


brazed with these two filler materials 
Thus at 
these joints were character 


were very similar “zero 
clearance 
combination of 
strength and ductility. The location of 


failure varied according to the strength 


ized by a satisfactory 


of the base material, being generally in 
the base material for AISI 405 and at 
the joint for N-155 and AISI 347 In 
the cases where failure occurred in the 
joint, the joint strengths averaged about 
100,000 and 85,000 psi for, respectively 
the N-155 and AISI 347 specimens 
It will be noted that these strengths were 
close to those of the base materials 
exposed to the corresponding heating 
yveles. The joint ductility 


j 


particularly 
that of the N-155 specimens, Was seem 


Consider first the 


ingly less than the ductility of the base 


materials nevertheless 


These joint 
were by no means britth 
by their elongation of 20-40% in 1 in 

The above results, in general, con- 
firmed the data reported in the litera- 
ture. What is perhaps not so well 
known is the fact that the 
tensile properties of joints brazed with 
the Ni-Cr-B allovs are rather sensitive 
Inspection of Tables 


as evidenced 


howey el 


to joint clearances 
5 to 7 shows that b 
ance to 0.002 in., the joint 
30-70% or less 


increasing the clear- 
tensile 
strengths dropped to 
than those obtained at 
reduction of duetility was 
drastic With few excep 


tions, those joint howed only 0-5% 


‘zero"’ clear 
Annet The 
even more 
elongation regardle of base materials 
In fact, it was not unusual for the speci 
mens to break apart at the joint 
while being machined into tensile bars 
Upon further increasing the clearance to 
0.004 in 


genet il became 


the joint tensile properties, in 
progressively deterto 
rated 

Returning to’ » to 7, it will be 
found that the brazed with the 


Ni-C'r-Si Allo wh essentially in 


Table 6—Room-Temperature Tensile Test Results on Brazed 


Intended 
clearance 


Filler 
material 


Buse material subjected to 2200 kr, 


cycle 


Ni-Cr-B Alloy No. 


0 O02 
OOF 
Base material subjec ted to 2000 


evele 


Ni-Cr-B Alloy No. 2 


0 OO2 


Ni-Cr-8i Alloy Zero 


0 OO4 
Au 18% Ni Alloy 


Brazing evycles Same as 


4 Ss 


trength 


p pal lin 


100 $2,400 
20,100 
OO) 25. 400 
O00 28, 400 
87 O00 16, OOO 
41,000 
200) 500 
15, 400 
10.000 
R7 O00 (2,70) 
OOO 
Jn) 20 
7 O00 $0, 400 
200) 41,400 
400 


O00 


imachiung 


100 
21 
41000) 
OO 


on machining 
or machining 
$5, 
14. 
17 000 
44,200 
10,400 


shown in Table & 


frengu Klangation 
/ 


347 Joints 


Location of 


area, failure 


* Joint 
+ Base material 
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: 
: 
560 7 0 
32 5 J 
12 0 J 
22 0 24.0 J 
0) 6 4 J 
20 J 
20 J : 
20 0 J 
mitt 54300 7 
‘Tero 51.0 7 3 
7 
J 
0 J 
900 0 J 
12,550 J 
87, 000 0 J 
O00 40 2.5 J 
40 4 J 
i O00 21 7 0 J 
— 19, 000 20 0 J 
Three 
Two! 
O00 §2 0 7 6 
87, 500 $2,400 27 Ay 7 J 
82, 000 $2, 400 23 0 17 0 J 


the same way as described above. 
With this filler material, the brazed 
jointa of “zero” clearance were nearly, 
although not quite, as strong and duc- 
tile as those brazed with the Ni-Cr-B 
alloys. Similarly, the tensile properties 
of joints brazed with the Ni-Cr-8i 
Alloy diminished at large clearances in a 
manner even more pronounced than 
shown by the joints brazed with the 
Ni-Cr-B Alloys 

The profound effect of clearance on 
joint tensile properties is not difficult 
to understand if it is kept in mind that 
these properties are determined by the 
joint microstructure, In Figs. 6 to 14 
are presented photomicrographs of the 
brazed joints at various clearances and 
of the as-received base materials. These 
show unmistakenly that at “zero” 
clearance, the joints brazed with the 
Ni-Cr-B and Ni-Cr-Si filler materials 
all possessed a single-phased structure 
regardless of buse materials As will 
be explained later, this structure was 
primarily a solid solution of Cr in Ni. 
Clearly, then, it was from such a struc- 
ture that the corresponding brazed 


joints derived their high strength and 
ductility. 

In contrast, the microstructures asso- 
ciated with clearances of 0.002 in. or 
over were different in that they 
tained intermetallic compound and/or 
eutectic phases. That these phases 
were brittle may be comprehended 
from their high hardness (Figs. 11A 
and 11C) and the tendency toward 
cracking in the case of the Ni-Cr-Si 
Alloy (Fig. 10C). The mere presence 
of such phases is usually accompanied 
by a reduction in ductility of the brazed 
joint. If, in addition, the brittle phases 
are so abundant that they solidify into 
a continuous layer, the ductility of the 
joint will be little better than that of the 
brittle layer. This means that the brazed 
joint as a whole cannot withstand much 
deformation without initiating and 
propagating fracture through the brittle 
layer. The such a 
tinuous layer at large clearances is evi- 
dent in the photomicrographs shown in 
Figs. 6 to 11. It is, therefore, little 
wonder that the joint properties should 
diminish under such conditions. In 


con- 


presence of con- 


connection with this, it may be noted 
that the tendency of the brittle phases 
to form a continuous layer was most 
pronounced with the Ni-Cr-Si fille: 
material. With this alloy, the layer 
showed a higher hardness and a much 
greater tendency toward cracking than 
its counterpart in the joints braze 
with the Ni-Cr-B alloys. From these 
observations, it may be anticipated 
that the room-temperature tensile prop- 
erties of joints brazed with the Ni-Cr-Si 
Alloy should even be more adversely 
affected by joint clearances. This was 
borne out by the experimental results as 
previously indicated. 

The foregoing discussions made it 
apparent that the observed brazed 
joint tensile properties were merely a 
reflection of the corresponding joint 
structure. The question, however, re- 
mains as to why, for the same brazing 
alloy, the brittle phases should exist in 
joints of large clearance but not in those 
of “zero”’ clearance. To answer this 
question, it is recalled that the brittle 
phases in the Ni-Cr-base filler materials 
result from the addition, for the purpose 


Table 7—-Room-Temperature Tensile Test Results on Brazed AISI 405 Joints 


Intended 
Filler clearance, 
material in 
Base material subjected to 2200° FP, 40-min 
evele 


Ni-Cr-B Alloy No. “Tero 


0 


Base material subjected to 2000° 80-min 


eycle 


Ni-Cr-Bb Alloy No. 2 “Zero” 
Ni-eC'r-Bi Alloy “Zero 


0 OO2 


0 O04 
Au 18% Ni Alloy 
0 
0 004 


Brazing cycles: 


Tensile 02% 0.8 


strength, yield strength 
pest 
92,400 
92,000 
05,500 
45,000 
03, 500 
03,000 
84, 100 
78,000 
69, 400 
87,000 


pat 
41,300 
15,500 
54,000 
52,000 
49, 500 
17,700 
47, 800 
4,500 
12,500 
16,300 


00, 500 
00, 000 
80 O00 
BS, 200 
53,100 
3,500 
02,500 
02,000 
800 
00, 200 
OS, 100 
100 
10,800 
One broke on machining 
14,100 

One broke on machining 
85, 500 38 000 
85, 200 10,300 
92, 500 40,800 
02, 200 40,800 
SOO 47,300 
O00 46, 000 
400 40, 900 
00, 100 39, 800 


46,400 
60, 500 
417,700 
46,000 
38, 800 
37,400 
57,300 
57,100 
49,000 
19, 000 
16,500 


Same as shown in Table 5 


Elongation in 
in., 


— 


~ 


t 


A 
area, 


Reduction in Location of 


failu re 
0 

B* 
B 

B 

B 
Jt 
J 

J 


* Base material 


+ Joint 
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: 
21.0 42 
90 17 
80 17 
20.0 37 
25.0 12 | 
60 3 
10 2 
3.0 2 
24.0 18.0 
| 
0 63 B 
0 25.4 B 
0 B 
iS 2 B 
0 0 J - 
0 0 J 
0 5.0 
0 12.5 J ; 
$2.0 
io 31.3 B 
0 10 J 
0 0 J 
0 0 J 
0 0 J 4 
25.0 39.0 B 
24.0 40.9 B 
Ik 0 28.0 B 
31.2 B 
24.0 18 7 B 
23.0 B 
0 006 16.0 29.4 B 
16 0 30.5 B 


nge, of one 


alloying elements 


of lowering the melting ra 
or more of the minor 
such as B, Si or C 
the and filler 
that, with respect to 
elements, there 
dient which tends to cause their diffu- 
sion from the joint into the mate- 
diffusion is a 


A comparison of 
materials indicates 
these 


activity 


base 
alloying 
exists an gra- 
base 


rial However, since 
time~lependent 


the extent of diffusion will 


process at a given 
temperature, 
and geom- 
the joiming 


clearance, the 


be governed by the volume 
etry of the space 
surfaces. At ‘‘zero”’ 
diffusion distance and the 
amount of the B, Si or C in the joint so 
small that sufficient diffusion took place 
during the the 
complex filler material into essentially a 


between 


WAS BO short 


brazing time to change 


solid solution of Cr in Ni. On the 
other hand, when the intended clear 
ance was 0.002 in. or over, the dif 
fusion distance was lengthened and 
more important, the amount of B, Si 
or C initially present in the joint was 
too excessive for the brittle phases to 
disappear completely within the course 


of the brazing cycle 
To emphasize the effect of clearance 
the ex 
AIST 405 


clearance 


on the joint microstructure 
periment on brazing of an 
variable 


sketched in Fig 


specimen with a 


may be mentioned. As 


15, the clearance of this specimen was 
zero”’ at the central portion but in 
creased to 0.004 in. toward the outer 
edges. The Ni-Cr-Si Alloy powder was 
placed in the feed hole located at the 
center of the joint. The photomicro 


graphs taken at various locations along 


the joint are also included in Fig. 15 
The presence of the brittle phases at 
the outer edges, where the clearance 
was large, but not at the central por 
tion where the clearance was small, is 
obvious. Since the brazing alloy had 
to flow through the ‘‘zero’’-clearance 


portion before it could reach the outer 
the conclusion must follow that 
the 


contained 


edges 
molten brazing 
the brittle- 


elements and 


at clearance, 
initially 
phase- 
that the 
brazed joint was due to 
these alloying 
fusion into the base m: 


alloy 
alloying 
absence of such phases in the 
depletion of 
dif 


elements through 


iterials 


Returning to the photomicrographs 
shown in Figs. 6 to 14, it will be noted 
that the Ni-Cr-Si filler material differed 
from the Ni-Cr-B alloys in its effect 
on the base material Whereas both 
groups of filler materials dissolved the 
hase materials to some extent, the 
horon-containing brazing alloys pos 


sessed the additional characteristic ol 
forming particles of some separate phase 
s) along the grain boundaries of the 
base materials. This so-called “inter 
granular penetration” is usually attrib 
uted to the diffusion of boron from 


the Ni-Cr-B 


alloys for the simple reason 
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F va 
‘ 
Mist. “peal 
bs 
‘ 


A. As-received AISI 347, 


MYA 


B Brazed with Ni-Cr-B Alloy No. | at 2200 F 


for 30 min 


‘ 
5 
7 


C. Brazed with Ni-Cr-B Alloy No, 2 at 2000" F 
for 30 min 


that it is not found in joints brazed 
with boron-free alloys Inasmuch a 
this effect is generally regarded as a 
disadvantage wainst the boron-con 
taining filler material it should be 
mentioned that intergranular penetra 
tion of such a nature depends not onl: 


on the filler material but also on the base 
materials While in the present case 
the particle constituting the inter 

granular penetration were not definitel 

identified, the ire believed to be 
chromium borides or, depending on the 
composition of the base materials, a 
mixture of borides of chromium, molyb 
denum. tungsten, and possibly cobalt 
ind titanium. It is known’: * that 
chromium, molybdenum and tungsten 
form various borides which are more 
stable than their carbides Cobalt 
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Fig. 9 Microstructures of “zero” clear- 


ance AIS! 347 


mixed acids. 


D. Brazed with Ni-Cr-Si Alloy at 2200 


30 min 


Etched with 


joints. 


x 100 


| 
F for 

4 ‘ 


“A 4 
E. Brazed with Au 


2000” F for 10 min 
for t one 
init ition 
he wal 
that ii a boron 
ised lor ¢ i 
mtaining ‘ 
tender for the 
grain 
rn 
miu to tor 
hand the 
ontamn chre ul 
roent hict 
granular peneti 
aho not oct 
‘ 
the 
oot brazed 
0 The 


et 


on 


8% Ni Alloy ot 1900 


Col, but little 
ulable concerning its 
erstics It follows 
taining brazing alloy 


chromium- 


le, on a 
iterial, there will be a 
ron to diffuse along 
into the base mate 
with the chro 
rides. On the other 
« material does not 


orre 


thi 


unt mere 


or other alloying ele 
miter 
n as deseribed here 
Phat this reasoning 
et may be seen from 
ned on a mild steel 
the Ni-Cr-B Alloy 
structure 


tulle hborwes 


It ix obvious that so 


OW, 
N22 
Ae * 
x eral 
4 
| 


Brazed with Ni-Cr-B Alloy No. | at 2200° F 


Brazed with Au-18% Ni Alloy at 1900 
2000" F for 10 min. 


Brazed with Ni-Cr-B Alloy No. 2 at 2000" 


10 Microstructures of 0.002-in. clearance AISI 347 joints. 


Brazed with Ni-Cr-B Alloy No, | at 2200° F 


D. Brazed with Au- Ni Alloy at 1900°- 
2000” F for 10 min. 


Brazed with Ni-Cr-B Alloy No a at 2000° F 


Microstructures of 0.004-in. clearance AISI 347 joints. 
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far as base-metal penetration is con- 
cerned, this joint differed little from one 
brazed with a boron-free filler material 
such as the Ni-Cr-Si Alloy. 

Before leaving the subject, it may be 
observed that the intergranular pene- 
tration, as may be expected, was related 
to the complexity of the base materials 
heing most extensive in N-155 and least 
in AISI 405. N-155 contains appre- 
clable amounts of cobalt, molybdenum 
tungsten and columbian plus tantalum 
in addition to chromium Jecause of 
their tendency to form borides, these 
alloying elements undoubtedly affect 
the nature and extent of the intergranu- 
lar penetration. It may be mentioned 
that with at least one popular Ni-Cr-B 
filler material (not included here), the 
penetration was found to take the addi- 
tional form of grain-boundary eutecti« 
The latter apparently enhanced the ex 
tensiveness of penetration 

In summarizing, it may be stated that 
Whatever disadvantages the Ni-Cr fille: 
materials may possess, they result 
mostly from the complex constitution 
of these brazing allovs. The greatest 
drawback of these alloys, as shown in 
this investigation, was the influence of 
the brittle phases on the joint proper 
ties. In view of what has already been 
discussed, it may be readily inferred 
that if a filler material neither contains 
brittle phases nor forms such phases 
with the base material, the tensile prop- 
erties of the resulting joint will not be 
appreciably affected by joint clearance 
Returning to Tables 5 to 7 it will be 
found that the above inference is veri- 
fied beyond any doubt in the ease of 
brazing with the Gold—-18°, Nickel 
Alloy. Joints of all three base materials 
brazed with this alloy possessed excel 
lent strength and ductility over a clear 
ance range ol zero” to in 
Specimens of AISI 347 and 405, for 
instance, failed almost always in the 
base materials. Whereas the same 
cannot be said of the N-155 specimens 
which invariably fractured at the joint 
these joints, nevertheless, showed an 
average tensile strength of about 120,- 
OOO psi, practically equal to that of the 
base material. In addition, the high 
strength was accompanied by an elonga 
tion of 20-25%; 

Photomicrographs of joints brazed 
with Au-IS% Ni Alloy are also pre- 
sented in Figs. 6 to 14. These show 
that, regardless of clearance, the joint 
structures remained essentially identi- 
cal, consisting of a mixture of solid solu 
tions. The correlation between joint 
properties and joint microstructure is 
thus in this case as obvious, althoug! 
more fortunate, as was in the case of 
the Ni-Cr-base filler materials 

A comparison of the photomicro- 
graphs will show that at large clear- 
ances, voids were more apt to be pres- 
ent in joints brazed with Ni-Cr filler 
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A Ee C. Brazed with Ni-Cr-Si Alloy at 2200" F for \ 
for 30 min 30 min. 
for 30 min 
with 
mixed acids. XK 100 
A Ee C. Brazed with Ni-Cr-Si Alloy at 2200" F for 
for 30 min 30 min. 

| 

for mi 
Fig §=Etched with 
mixed acids. X 100 
140-s 


materials than with the Gold-IS©), Ni if 2 
Alloy Formation of voids in relatively) ‘ 
open joints undoubtedly resulted from ‘ ” . 
the loss of brazing alloy through flowing 
out of the joint and wetting the exte 
nor surlaces The tendency toward this a ’ 
was obviously greater for the complex 
filler materials ' Fig. 12 Microstructures of “zero” 

Finally, some observations may be ¢ ; clearance AIS! 405 joints. Etched 
made on the 0.2% offset vield strength ’ with FeCl, in alcohol. X 100 
of the brazed joints Inspection of 
Tables 5 to 7 reveals that when failure . % 
occurred in the joint, the observed yield 
strength was, in general, equal to that 
of the base material exposed to the 2) ‘ 4 ‘ 
same brazing cycle. This indicates A. As-received AISI 405 
that the ield strength of the base 
30-min and 2000° F, 30-min eyeles, the AY, : 
base material had a 0.207 offset yield 
72,000 psi at room temperatures 
These were also the observed respective - ‘ 
values shown bv the joint brazed witl y 
Alloy on the one hand, and with Ni-G: te a j » ‘ 
B Alloy No. 2 and the Au-IS% Ni 
of low brazing temperature may thu ‘ 
able for brazing base materials whose B. Brazed with Ni-Cr-B Alloy No, | at 2200" F D. Brazed with Ni-Cr-Si Alloy at 2200" F for 
ield strength is appreciably tempera for 30 min 30 min, 
ture-sensitive. However, a survey of 
it is possible to rape the ield strength ‘ a we “4 ‘4 

4) 


by proper aging alone after brazing at 
220)" I 


Jased on the room-temperature ten 


sile test data alone the re ippeared to be 
little choice between the Ni-Cr-B filles 


materials, No. | and No. 2, except in the ) 
brazing ter peratures ind related! in . » 
the room-temperature yield stre neth of { 
the brazed joint. The low brazing ? ? 
temperature ot No. 2 Allov is desired i 
whenever grain growth of the base C. Brazed with Ni-Cr-B Alloy No, 2 at 2000" F E. Brazed with Au- 18% Ni Alloy ot 1900 
material is to be minimized As for the for 30 min 2000" F for 10 mis 
ield strength the low-temperature 
brazed joint may retain it upenorit 
up to some intermediate temperature in tensile properties to the Ni-Cr-b particular requirements on the heating 
but will certain! he overtaken b thy All However ellect rate luring binally nee 
high-melting brazed joints at more of base-metal penetration of this allo nieke the only oxidizable element in 
elevated temperature when the melt may prove to be of vital unportance in t! the oxidation resistance 
ing range of the low-temperature brazed brazing thin base iterin of the nite | zea th the Gold 18% 
joint is approached Also, the effect of At this stage, the rating of the Gold Nickel All not be much different 
brazing temperatures on yield strength 18°, Nickel Alloy is rather clear-cut than that of the joints brazed with the 
hecomes ignificant on for base Compared on the ba of room-tem NiCr fille ter Phe high-tem 
materials whose vield strength is con perature joint tensiie properties at perature tensile and oxidation properties 
siderab! temperature dependent large clearance t} illoy oceupies a of joints brazed ith the Au- IS% Ni 
When = high-temperature ipplications position far beyond the challenge of the All ir irrent mder investigation 
are considered, Ni-Cr-B Alloy No. 1 Ni-Cr filler materia It iperiorit However, lest the Au-IS% Ni Alloy 
should surpass Ni-Cr-B lloy No. 2 in this regard be particularl be taken a8 a rele ome of its short 
in oxidation and corrosion resistance ippreciated when considering the coming ould pe nied out The 
because of the higher chromium content eulty in maintaining “zero” clearance in cost of t materia obvious, particu 
in the No. 1 Alloy practical apy ition Not to be if in vie of ite high density which 
As a filler material for the base ignored, too, is the advantage of the necessitate thy we of a relatively 
materials investigated, the Ni-Cr-Si Gold-189Y, Nicke Alloy in bemg free amount to given joint 
Alloy was shown to be whtly inferior fro juation and thus imposing no Another shortcoming, perhaps of more 
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rather low 
melting point of this alloy (1742° F), 
which entails two consequences. First 


serious nature, lies in the 


it limits the service temperature of the 
brazed parts and hence the sphere of 
use of the Au-I18% Ni Alloy. The 
latter, for instance, may be of less 
interest to the gas turbine field where 
the top operating 
1500°-1800° F, than to the steam tur- 
bine field, where the top operating 
temperatures are 1100°-1200 
Secondly, the low melting point of the 
Au- 18% Ni Alloy also presents difficul- 
ties in certain heat treatments of the 
brazed parts. As 
viously, a temperature of at least 
1900" F was required to braze the 


temperatures are 


mentioned — pre 


chromium-bearing base materials under 
the given conditions 
temperature, 
larger containers 


Lowering of this 
particularly in cases of 
and intrieate parts 
will necessitate a prolonged length of 
time either in brazing or in purging of 
the container. If the same (1900° F) 
or higher ternperatures are used for the 
sake of brazing speed the base materials 
may suffer metallurgical reactions, such 
which demand sub 
sequent heat treatment, Under such 
is Obvious that the heat- 
below 


as grain growth, 


conditions, it 
treating temperatures be 
the melting range of the brazed joints 
Inasmuch as the melting temperature 
of a joint brazed with the Gold-1s% 
Nickel Alloy, unlike the boron-con 
taining filler materials, is not appre- 
interdiffusion, any 
postbrazing heat treatment involving 
temperatures above 1750° F cannot be 
contemplated Among the base materi 
als which may thus be affected are those 
ferrous alloys which call for austenitizing 
temperatures of 1750° F or higher for 
complete carbide dissolution 


ciably changed by 


Conclusions 


Based on the results of room-tempera- 
ture tensile test and microscopic exami- 
nation, the following conclusions are 
reached: 

1. At “zero” clearance, butt joints 
of N-155, ADSI 347 and AISI 405 
brazed with the Ni-Cr-B and Ni-C-Si 
filler materials possess satisfactory ten- 
sile properties, with failure occurring tn 
the base material of the AIST 405 speci- 
mens and at the joint of the N-155 and 
AISI 347°) specimens The AISI 347 
joints have tensile strength of 85,000 psi 
and elongation of 20-40°); the N-155 
joints have tensile strength of 95,000 
100,000 psi and elongation of 17-35%, 
with the joints brazed with the Ni-Cr-Si 
Alloy slightly inferior to those brazed 
with the Ni-Cr-B filler materials 

2. These suffer 
severe embrittlement at clearance of 
0.002 in. or over, 
minished to 0-5°% and tensile strengths 
to 30-70%, or less than those obtained at 
embrittling 


jomts, however 


with elongation di- 


“zero” clearance The 


142-s 


* 


fa Nowe At wy ve 


A. Brazed with Ni-Cr-B Alloy No. | at 2200° F 
for 30 min, 


| 


pt 
B. Brazed with Ni-Cr-B Alloy No. 2 at 2000" F 
for 30 min. 


Fig. 13 Microstructures of 0.002-in. clearance AIS! 405 joints. 
FeCl, in alcohol. 


Xx 100 


A. Brazed with Ni-Cr-B Alloy No. | at 2200" F 
for 30 min, 


6. Brozed with Ni-Cr-B Alloy No. 2 at 2000° F 
for 30 min, 


Fig. 14 Microstructures of 0.004-in. clearance AISi 405 joints. 


FeCl, in alcohol. X 100 
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gy 


C. Brazed with Ni-Cr-Si Alloy at 2200° F for 
30 min. 


-. 
4, 
j ‘ 4 ‘ 
‘ ; 


2) 


D. Brazed with Au-18% Ni Alloy at 1900 
2000” F for 10 min. 


Etched with 

“ 
~ 


t ‘ 
p 
Cc. Brazed with Alloy _at 12200 F for 
30 min. 
J 


D. Brazed with Av-18% Ni Alloy at 1900 
2000” F for 10 min. 


Etched with 
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Ni-Cr-Sli 
---,BRAZING 
ALLOY 


APPROX. CLEARANCE 
0.002" 0.003" 


joint 


Fig. 15 Sketch of brazed specimen with variable clearance and photomicrographs showing 


affected by clearance 


effect is more pronounced with the Ni 
Cr-Si Allov than with the Ni-Cr-B 
illoys 

In tensile properties ot 


Is 


butt joints brazed with the Gold 
Nickel Alloy are not clearance-sensitive 
From “zero” to 0.006-in. clearance, both 
AIST 405 and 347 specimens fail in the 
base materials; the N-155 specimens 


although fractured at the joint, exhibit 
throughout the clearance range tensile 
strengths equal to those of the base ma 
terial exposed to the corresponding braz 
ing eveles, with average elongation of 

$. The detrimental effect of clear Fig. 16 Microstructure of mild steel 
ince on joint properties a d with brazed with Ni-Cr-B Alloy No. 1 
the Ni-Cr-base filler materials is found showing absence of intergranular base- 
to originate from the presence of brittle metal penetration Nital etch, X 
phases in the joints, as a result of the 100. (Reduced by '/, upon reproduc- 
complex constitution of these brazing tion) 

illoys The embrittiet 


ated by the tenden 
particular! in the case of the Ni-C'r-Si pre ented 


Alloy yhidifving into a contimuous into the base ma 
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microstructure as 


elements responsi 


clearance, joints 


Nickel Alloy 


uctures consisting 


ture of Au-Ni solid 


ontaining filler ma- 
ranular base-material 


ippears to be more 
omplex the base 

indications, how- 
f penetration does 
white h do not 

ent such as 
tungsten and 


ie borides 


ography 


tract on High 
f Data Folder 


4 “ZERO” 0.004 
‘4 
teria 
penet tio vhiel 
extel thy ( 
ever, that tl 
not o rin buses 
ehror in molvinds 
No. DI 
tod 
i} fler, it Ke 
Trane 194, 


PV RC interpretive report constitules a survey 


PREHEATING AND POSTHEATING FOR FIELD 
ERECTION OF MILD-STEEL PRESSURE VESSELS 


of field and service experience from the 


standpoint of fabricalion and performance properties 


BY LEON J. McGEADY 


Introduction 
It has long been known that the use of 
preheating for welding can prevent weld 
cracking during fabrication. In recent 
years, considerable interest has been 
shown in the possibility of using preheat 
aso means of improving the service per- 
formance of weldments. This interest 
is a result of laboratory testa on low- 
carbon steel specimens which have sug- 
gested that the toughness of weldments 
is umproved as much or more by pre- 
heating to 400° F as by conventional 
thermal stress relief. Large scale tests 
have been made to demonstrate this by 
(1) DeGarmo,® et al., using the well- 
known hatch-corner 
Krefeld,* et al., using the Columbia 
welded-beam specimens; and (3) De- 
Garmo,* using 30-in, long welds to join 
18-in. wide plates in a full butt joint. 
Drawing on the results from many tests, 


specimens; (2) 


DeGarmo! presented a case to show that 
the Unfired Pressure Vessel Code should 
acknowledge that 400° F preheat is as 
effective as 1100° F stress relief in im- 
proving the toughness of weldments. 
It should be noted, however, that De- 
Ciarmo did not find that preheating 
gives welds the same fatigue resistance 
as does thermal stress relief. Also, 
DeGarmo drew his conclusions from 
teats performed mainly on * yin, plate 
Stout? also reviewed the comparative 
effects of preheating and postheating. 

The possibility of using preheat to 
improve service behavior of weldments 
has practical significance, Section VIII 
of the ASME Code for Unfired Pressure 
makes thermal relief 
mandatory for vessels of steel plate 
over 1'/, in. thick. Also, Section VIII 
now provides a joint-efficiency allow- 
ance for thermal stress relief of vessels 
fabricated from unalloyed low-carbon 


stress 


Vessels 


Leon J. McGeady in Associate Professor of 
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steel plate not over 1'/, in. in thickness. 
This report deals with field-erected o1 
assembled vessels of unalloyed low- 
carbon steel plate in thickness ['/, in. 
and less. In the field, stress relieving 
is generally difficult to perform, whereas 
preheating is often more feasible. The 
question has been raised as to the rela- 
tive merits of preheat and thermal stress 
relief in improving the toughness of 
vessels, not only in plate thicknesses 1'/, 
in. and less where thermal stress relief 
is optional, but in the greater thicknesses 
where stress relief is mandatory 

The writing of this report was under- 
taken with the above in mind. The re- 
port is based on the literature and on a 
study of field and service experience in 
the use of preheating from the stand- 
points of both fabrication and service 
properties. The relatively high  pre- 
heating temperature of 400° F, which 
has been shown to produce good per- 
formance, is considered here in prefer- 
ence to much lower preheat temperatures 
such as “warm to the touch” or 70° FP. 
It was the request of the PVRC Fabri- 
cation Division Subcommittee on Pre- 
heating and Postheating that this re- 
port (1) provide information on pre- 
heating which would enable the Sub- 
committee to consider the advisability 
of recommending to Code authorities 
that an allowance be made on joint 
efficiencies when preheating is used in 
the field assembly of pressure vessels, 
(2) provide information which would 
aid in reducing the possibility of failures 
by improving properties of welded ves- 
sels, and (3) recommend further re- 
search work on the use of preheating in 
the welding of pressure vessels. The 
scope of the report was limited to low- 
carbon unalloyed steels in plate thick- 
nesses of 1'/, in. or less. 

To achieve the above objectives, the 
author visited eight major users and 
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producers of pressure vessels and ob- 
tained the views of several engineers 
and designers by correspondence and 
other personal communication. To ob- 
tain the information desired, a detailed 
questionnaire was used, which dealt 
with preheating both for fabrication and 
service. It was found, as expected, that 
virtually no use is being made of pre- 
heat as a directly intended means of ob- 
taining improved service performance 
Rather, preheating is being used main] 
as a measure to prevent the formation 
of cracks during fabrication. However, 
since weldments preheated to avoid 
fabrication cracks may show a significant 
difference in service behavior from those 
which have not been preheated, infor- 
mation pertaining to this use of pre- 
heating was also sought in the question- 
naire. Unfortunately, there were no 
data available on this subject; similarly 
so little preheating has been done with 
the sole intent of improving service per- 
formance that there was no information 
available on the effect of preheating for 
such a purpose. 

It was found that, even for fabrica- 
tion purposes, preheat is rarely used on 
unalloyed low-carbon steel plate not 
exceeding 1'/, in. in thickness except in 
those cases where (1) the customer 
specifies: it, or (2) company field pro- 
cedures call for it, or (3) experience or 
circumstances have shown that attempt- 
ing to weld without preheat will cause 
cracking. As to customer's specifica- 
tions, procedures are quite variable; 
fabricators, however, generally try to 
negotiate to minimize any such speci- 
fied preheating. In fact, most vessel 
users interviewed stated they did not 
specify use of preheat or procedures for 
it on this class of steels. There gener- 
ally seems to be a great deal of flexibility 
and variation in practices regarding 
manufacturers’ specifications on the use 
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of preheat Almost al! groups pr 


some degree ol specifi ation for preheat 
ing in field welding, but these specifica 
tions are usually used only under cir um 


stances where fabri: ation cracking has 


prey ously occurred or where ‘ xpenence 


Other com- 
panies frankly state that they do not 
1) for this 


Class of steels there is little eall for its 


has shown it to be likely 


specify preheating be 


use, and 2 iny such 


unlikely to be followed except ilter Cases 


Sper thie ations are 


ol extreme trouble 
It w is generally agreed that as now 
the sole intended purpose of pre 


wk for 


I abric it 


used 
heat Is to combat weld metal Ty 
mation during fabric ation 
tion cracks almost always oecurt in the 
These 


cracks are generally caused }, one or a 


weld meta] lor this class of steels 
combination of seve il of the following 
factors high-carbon plate; poor fit up 
high restraint to shrinkage: thick plates 
welding in relatively Inaccessibhle places: 
use of cell ilose-coated eles trodes poor 
welding te hnique; and welding in cold 


windy or rainy weather Before re 


sorting to preheating lor the prevention 
Of cracking, other steps are usually taken 
from celly 


Among the se are eh 


lose to lime-coated eleetrod: “issignment 
of the most skilled operators to the most 


difficult jobs modification of design 
change in welding sequence or procedures 
grouping of several operators to weld 
the same Joint simultaneously peening 
and sheltering the work from the 
weather 
Preheating widely) 
may 
welding below 
about I 


efficiency) te 


practices ar 


f 


range from prohibition of 
some specified te mpera 
ture (usuall) primarily due 
to reduced operator 


rigorous schedule of preheat based on 
plate thickness only, 
factors. Difficult jobs are 
heated to about 300° F 
users were of the opinion that preheat 
ng to 200° PF or 


sufficient if jt prevented 


wnormye all other 
usually pre 
howe er “ome 
lower was probably 
Cracking In 
general, the preheat used was the result 


ol compromises Involving ntelligent 
evaluation of the prevailing conditions 
operator comfort and experience The 
te 


poli ing of preheat present 


some problems. Certain] It would be 


a difficult matter, after comple 
tion, to prove that the claimed amount 
of preheat had not been used 

Although there 8 evidence of some 
beneficial effect In Increased toughness 
48 4 result of preheating, there Are sey 
eral reasons why preheating is not being 
used to attempt to IMpPrOVve service 
First, there is the opinion 
fabricated 


tend to 


properties 
shared by some that vessels 
without the formation of « racks 
Zive satisfactory service Second, the 
problem of economics is cited by others 
would he 


who comment that preheat 


used to IMMprove service properties if a 
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joint-efficiency were granted 
but only where the increased welding 
costs due to use of preheat are offset by 
the joint-efficienr, allowance: at pres 
ent there is no financial ine entive to pre 
heat for Third 
little general know ledge of the faet that 


there js 


toughness 


Effect of Preheating for Welding 


I nder certain conditions preheating 


a technique which helps to produce 
during fabri: ition 


crack-free welds 


Preheating tends to prevent both weld 
and heat affected Zone cracks 
In the 


covered by thi 


tal 


unalloyed irbon steels 
report, cracks in the 
heat-affected zone are seldom encoun 
tered, the © hye ing usually issociated with 
steels of high-carbon and/or significant 
allo content 

The mechanism by, Which preheating 
cracking in the 
heat-affected zone of welds 


reduction of the 


prevents fabrication 
namely the 
cooling rate to produce 
ind to allow 


received much 


luvoral le microstrus tures 
release of hydrogen ha 
ittention and needs no discussion here 
The mecha; ms by which preheating 
helps to elimin ite weld-metal fabrics 
tion cracks should he examined It 
preheating can 


Known that Improper 


incres the tenden, toward crack for 


mation: for it tance, when 1 plug is pre 
heated to t higher degre than the plate 
material adjacent to a hole into which 


it is to be fitted ind welded particularly 


vhen the urrounding plate 
ha considerable rigidity In iddition 
poor fit-up, which notoriously causes 
veld metal fabric ition crack ean be 


offset, at least partially, by 
Apparently one of the primar 


preheating 

purposes 
vhich preheat ( © 18 to reduce the 
Nrinkage which early weld 
must undergo while « ooling under 
restraint Also 
enting cracks which tend to form in the 


le 


if keeps the first Passes 


wnount of 
passe 
preheating aids in pre 
lower range of temperature 
thout 400° 

thove this dangerous temperature region 
until succeeding 
he made In 
ficial effects of preheat 


reinioreing Passes can 
uldition to these bene 
tand 
everal in estivator 


ive pointed out that the Slowey cooling 


Irom: the 


point of fabrication 
h 


rate obtained by 


favorabl metallurgical conditions 


preheating produce 
nore 

and allow mors 
these 
facts favor improved toughness in sey 


in the underbead 


time for the escape of hydrogen 
I 


| 
It should be borne in mind that the 
Which preheating Can 


labrication eras K 


prevent are general}, parallel to the 
weld These icks ire 
transverse stresses asso. lated with notch 
root of the weld on 


when crac king of a sud 


caused by 


conditions at the 
the other hand 
den brittle nature oceurs, such as has 
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preheating may be used to improve the 
toughness of weldments: preheating for 
reasons other than to produce ¢ rack-free 
welds is rarely considered by the fabri- 
cator Fourth, bey of the extra 
effort involved. pre heating has been 


whene ver possible, 


been des nibed in Ome service failures, 


though the may originate m or 


puss Chrough the welds, the failure path 

USUaHY In varied directions The ac- 
tual direction j dependent on applied 
tress it least to some degree, and 
rare! follows the lines of weld exclu- 
ively Phe afore mentioned teats have 


hown 
brittle 


that preheating improves on this 


performance Cherefore, if pre- 


heating foy welding improves service 


of preheating 


ormance, thy 


Process 
possib| Onfers on the finished welded 
jomt benefit ilditional to those which 


cracks, 
produces 


ud in preventing fabrication 


Proper preheating probably 
stress patterns; 
DeGarmo 
fance of this to ye 


estivator do ittach 


nore tavorahle re 
udges the impor- 
Other in- 


Ome significance 


however 


esidual stress ind Greene® aeei- 
dental] produced tran verse cracks in 
elded specimen during cooling 
prior to testing The stresses which 
produced these vere undoubtedly 
the umn Of thy longitudinal welding 
tresses and stress induced by ther- 
mal gradients in the PCCIMeNns A 


uit of the cooling proc in the pres- 
ence of the intentional weld inperfec- 
tion u ed by 

rom the service st indpoint, it seems 
ikely that 


of preheating are the provision of a de. 


mong the greatest benefits 


from poor underbead 
Hlowance of time for 
“zen trom weld metal 
ined wijacent plats It 
though the 


must be re. 
metal- 
Of some underbead or 
not be brittle 

in fabrication, their 
till bee dangerously low 
expecially in the 
raisers or low tempera- 


heat flected zone may 


lor service pertormance 
presence of stre 


fure of both 


The Effect of Stress Relieving 
Stout ha treated the subject of 


tre relleving thoroughly and there js 
une material here, 
except to i that it is 
greed that at int 


relief is the softening 


no need to re peat the 
now generally 
one contribution 
Of thermal! tre 
Of unfavorabl hard mic rostructures, 
is the fact that stress 
reheving does not heal previously formed 
crack From the service standpoint, 
either 


proper preheating or a suitable 


M5 


stress relief can produce favorable weld- 
zone properties. DeGarmo! concludes 
from his discussion that, for the carbon 
steels discussed here, 400° F preheat is 
as beneficial to notch toughness as 1100° 


«tress relief, 


The Effect of Multiple-Pass Welding 


Multi-pass welding provides a means 
of achieving certain resulte which or- 
dinarily would be accomplished only by 
a combination of preheating and stress 
relieving. If the first pass of a weld is 
successfully made without eracks, but 
with a possibly dangerous brittleness in 
the underbead region, succeeding weld 
passes can impart some of the toughen- 
ing effects of stress relief. The first 
pass, in itself, can provide preheat for 


Unanswered Questions 

If it is agreed that a major benefit of 
stress relief is the production of more 
desirable weld-zone metallurgical struc 
tures, it must be admitted that an ade- 
quate preheat can serve the same pur- 
pose, It should be true, then, that high 
heat input welds would also achieve 
this objective, In addition, it must be 


realized that, in multiple-pass welds, 
where high interpass temperatures are 
maintained by utilizing the soaked-up 
heat of welding, all passes except the 
fivat are 


These later passes then provide 


actually made on preheated 
plate 
the metallurgical tempering effects of 
stress relief for the preceding 
The welding of low-carbon steels does 
not generally result in danwerous under 
bead hardening; even if the first pass 
does harden the heat-affected zone, suc 
Is stress 
plate 


cessive passes tend to soften it 
relief necessary, then, for any 
thickness (1) 
single-pass welds are made with no pre- 


where high heat input 
heat, or (2) where no preheat is used but 


continuous welding maintains high 


interpass temperatures? Also since 
100° F is an uncomfortably high pre- 
heat temperature from the operator's 
standpoint, will not a lower preheat 
temperature, say 200 or 300° I 


the same purpose for these mild steels? 


serve 


Another question that arises is the one 
of policing and the demonstration that 
certain specified preheats are actually 
being used; certainly, it would be a 
simpler matter, at least for single-pass 


welds, to require ine reused heat inputs 


succeeding passes if these are made soon 
enough. 

Also, the first pass carries the most 
dangerous share of load offered by the 
restraint to the weld shrinkage. It is 
well known that, when weld cracking 
threatens during fabrication, it is the 
first pass which is crucial, and that the 
use of low-hydrogen electrodes and high 
heat inputs may be helpful in making 
the first pass successfully. Although 
the main purpose of using high heat in- 
put is the production of a heavier and 
stronger weld bead, it is also conducive 
to slower cooling rates which result in 
more desirable underbead 
and in increased service ductility. At 
the same time, a preheat is thereby 
provided for succeeding passes, if they 
are made soon enough. 


properties 


which would result in increased size of 
welds, thereby serving as their own 
proof, This procedure would possibly 
be no more expensive than preheating. 
The latter suggestion definitely would 
hold if it were acknowledged that, in 
multiple-pass welds, the first pass acts 
as a preheater when a joint once begun 
is completed reasonably soon thereafter; 
in such CUSCS, neither preheat nor stress 
relief might be Several 
fundamental 


necessary 
problems are involved 


here. Does preheat improve service 
performance by the same mechanisms 
by which it aids in successful fabrica- 
tion? How do preheating and stress 
relieving improve the service perform- 
Does each affect the 


initiation or the propagation of cracks, 


ance of welds? 


and in what manner? 

Other questions arise on the matter of 
substitution of 400° F preheat for 1 100° 
F stress relief, 
in which cold-formed parts, plates with 


For example, in vessels 
cold-sheared edges, ete., are assembled, 
will preheating to 400° F age some 
steels dangerously, since 400° F is a 
which aging 
rapidly after straining? Does 
relief at 1100° F result in a general and 
desirable cold- 
worked parts, handling nicks and marks, 
sheared edges, etc.’ Would it be un- 
desirable to lose this possible benefit by 


temperature at occurs 


stress 


over-all softening of 


not stress relieving but by preheating 
alone for the weld zone improvements? 
If preheat can be substituted for stress 


i 


relief on plate thicknesses less than |'/, 


MecGeady 


Preheating and Postheating 


in., can this substitution be made for 
heavier plate welding? 

In the matter of electrodes, it is gen- 
erally held that, for fabrication pur- 
poses, less preheat is needed for low- 
hydrogen type electrodes than for cellu- 
losic type. Does this hold true when 
service properties are considered? 
Summary 

Because preheating has been used 
primarily to prevent weld-metal cracks 
during fabrication, there is little evi- 
dence as to the effect preheat might 
have in improving weld toughness of 
vessels to be put into service, if used 
for that purpose alone. 

The unalloyed low-carbon steels of 
moderate plate thickness rarely require 
preheat for successful fabrication. It 
is the feeling of some fabricators that 
vessels of these steels perform success- 
fully in service if they are fabri- 
cated successfully. However, cases are 
known in which weld cracking, trans 
verse to the welds, occurred in vessels 
on standing under no external load 
weeks after their apparently) 
successful fabrication. Although such 
happenings appear to be rare, insurance 
against them is quite profitable, whether 


several 


obtained by thermal stress relieving or 
by preheating. 

It is known that both preheat and 
stress relief improve service behavior 
Both 
offer improved weld-zone toughness as 
High heat-in 
put single-pass welds with high-inte 


of weldments to some degree. 
an outstanding benefit 


pass temperatures offer the same means 
of retaining favorable weld-zone proper- 
ties. 

Avenues for research on the genera! 
problem of preheat and stress relief of 
mild-steel weldments are suggested in 
the section under “Unanswered Ques 
tions.” 
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NOTCH TOUGHNESS OF WELD DEPOSITS IN 
COMMERCIAL TITANIUM ALLOYS 


Investigation shows that while deposited weld metal of 


acceptable toughness can be oblained, the heat-affected zones of 


the titanium alloys studied leave much to be desired 


BY D. M. DALEY, JR., AND C. E. HARTBOWER 


ABSTRACT The objec 
vestigation is to determine the notel 
toughness of the deposited weld metal and 
the notch toughnes of the heat-affected 
base metal commercial ivailable 
titanium 

Weldments were prepared using the 
inert-gas-shielded onsumable-eleetroce 
process Materials used consisted of un 
illoved) titanium Mo and Ti 
if, Cr-2% Fe The investigation ts 
divided into two major phases a) the 
evaluation of the notch toughness of the 
weld deposit by means of a standard \ 
notch Charpy impact specimen taken en 
tirely from deposited veld metal and (b 
the relative notch toughness of weld metal 
and heat-affected base metal by means ot 
the Watertown Arsenal Laborator WAL 
composite impact specimen 

Data from various weld and base metal 
combinations indicate that low-alloy weld 
cle posits formed either by ae positing illo 
titanium in unalloyed base metal or b 
depositing unalloved titanium in allo 
base metal deve lop good toughness The 
notch toughness of weld heat-affected zone 
relative to the deposited veld metal as 
determined by the WAL composite \ 
notch ¢ harps impact specimen Was poor 
in the commercially available alpha-beta 
illoys investigated 

Attention is invited to the fact that the 
base materials under investigation were 
procured in the vears 1952-54 At the 
time the experimental phase of the in 
vestigation was coming to a close, new 


Jr., is Chief, We 
Hartbower 


Watert 


omposition types became available 

mercial \ report on the welding cha 
weteristics oO one of the new illoys 
ri-6% Al-4 


ieation the mmediute future 


ill be released for | ib 


eh toughmne of the heat-affeeted zone 
Compo on-type allo has been 

ber tar perio to that of at 
ommere aly ilphia beta 


Introduction 
Statement of the Problem 

Titanium, to be fully utilized a 
structural material hould be fabr 
cated pl tien methods 
the Ordnance Corp is we { other 
nsumer ol titanium 
gating both the rious methods of 


fabrication and the various commercial 


allovs available for fabrication into 


titanium component Welding b 
means ol the nert-gas-shielded con 
umable-electrode proce provides i 
suitable method of fabricating titanium 
particularly in the case of heavy plat 
ections (! in. or greater in that it 
minimizes the number of passes re 
quired and at the same time allow 
higher welding 

It has been iown that the realiza 
tion of an wceptable level of veld 
toughness requires e@xacling control 
0 1) the interstitial elements in bot! 
the filer and base metal aed (2) the 
total amount of Fe, Cr, Mn 


present n tl 


lement is 3 or 4% 
commercially avail 
can be expected to 
le level of notch 
cast weld deposit 
heat-affeeted zone 
the principles 
us investigation,! 
vere deposited in 
base metal, 

electrode was 

iloy alpha-beta 
commercially 
etal \loreover 
trode was limited 
turers have had 
vive in the small 
use in the con 
‘Therefore 

fa few control ex 

Mn and 40 

of this investiga 

oncerned with com- 


electrode ° 


Materials Investigated 
plate materia tovether with 


hem are shown in 


the oxygen and 
Pitkin, Ine 
O46 The 
wile the 
ane Contract 
Walter teel 


Hea 
S205 15 

AWa504" 
L102 


Table |—Base Materials 


if \ 
O18 
() (hile (nt 
() 


) 


Total 
COHN 
212 
1M, 
245 
224 


* Nore: Chemistry 
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n tl 
or or the a elle 
lo 
Phi i 
” 
tablished im a 
here fi 
ed titan 
el ill pure t 
tk prod we ‘ 
eli leposits 
i 
thy int al alle 
the that 
difheutlt prose 
diameter requir 
with the 
periment 
ie 
i 
pre 
her 
notch toughness in 
nall el wire war 
i electrode for inert 
tion, and C (thief, Metala Fabri 
cation Brancl Arsenal, Watertow 
Mas 
«weld deposit.’ Inasmuch 
resented at the 1954 AWS Fa feeting in ) th 
oe I N ber I as the limiting maximum amount ofl ‘ 
en ‘ er 
Plate 
thickne j 
RC-5h O87 2 
RC-LB0A O4 105 { 
RC-1L30AW 0.105 “4 
iCr-2F« 0 05 0 107 1 25 
except for oxygen ar hydrogen, represeni« an average ol two analyses lrom single plate 
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Table | 
two heats of 


vestigation 
tion 


curves 


RC 55 (5-3295B) 


@ Ti 754(M230) 


alloys, Ti 7% 
Fe, were used as base metal in this in- 
The Charpy impact transi- 
the 
ceived plate materials are shown in Fig 
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T 
RC (A3248) 
aaa 
@ RC (AW 3504) 
— 
of 
a 
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| 
O 4Cr-2Fe 
@ 4Cr-2Fe (L 1092) 
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TESTING TEMPERATURE 


Notch toughness of the base materials used in this investiga- 


each of 


tion in their as-received condition 


Two heats of unalloyed and 


two commercial 


Mn and Ti 4% Cr-2% 


unwelded as-re- 


1. Test specimens were taken from the 


base metal in a single direction with the 
notch machined perpendicular to the 


surface of the plate. 


The filler materials investigated are 
Notice particularly 


listed in Table 2. 


the wide range of interstitial content 
The sum of the interstitial elements for 
each electrode has been listed in a col- 


umn headed 


‘Total Cohn.’ 
tion of interstitial elements is for 


This 


venience in making comparisons and 
should not be interpreted to mean that 
each of the interstitial elements has an 


equal (or simple additive) effect on the 


Welding Procedures 


properties of the materials 


All welds were prepared by means of 
the inert-gas-shielded consumable-elec- 


trode process 
continuously 
through 


This process consists ol 


feeding a bare filler-wire 


a nozzle-type welding head 


A protecting shield is provided the ar: 


and the weld 


gas issuing from the welding head 


area by 


means of inert 


The 


welding arc is maintained between the 


end of the wire electrode and the work 


The equipment used for this investi- 


gation consisted of an inert-gas-shielded 


consumable-electrode 


hine 


with a 


barrel-type, water-cooled welding head 


mounted on a radiagraph so that the 
are-travel speed could he controlled 


There are several models of commercial 
equipment that can be used for making 
satisfactory welds by means of the con- 


sumable-electrode process. 
part of 
and 
established by 


early 
amperages 


later in the 


this 


machine 


investigation 


voltages 


During the 


investigation the 
used were 
settings, but 


recording- 


type meters were installed to establish 


more accurately the amperage and volt- 


age used during welding. 
was used to energize the welding circuit 
and to provide a preflow and postflow 
of both the inert gas and cooling water 


In addition 


to the 


inert-gas 


A foot -pedal 


shield 


issuing from the welding head (herein- 


after called 


the 


primary 


shield) a 


special water-cooled inert-gas_ trailing 
shield (Fig. 2) was used to protect the 
top surface of the deposited weld meta! 


from atmospheric contamination during 


cooling 


rhe 


underside 


of the weld- 


ment was protected by means of a tight 


fitting water-cooled copper bar during 


the first pass, and by a special backing 


fixture issuing helium during the second 


and subsequent passes (Fig. 3) 


form inert-gas coverage is obtained with 
both the trailing shield and the backing 


Valerial 


Ti-75A 
Ti-75A 
Vi-75A 
Ti-75A 
RC-55 
RC-55 
RS-55 
RS-55 
RC-LSOA 
Mor 


Heat ('ode* 
\ 
NS \ 
M-270 
T5-53534 d 
NS 
SADI \ 


Table 2—' 


0 146 
O12 
0 097 
0 106 
0.095 
0. 090 
0 141 
0 068 


254 


H 
O5S 
O10 
O16 
Os4 
026 


O42 


w-ln. Bare Filler Electrodes 


O34 


052 
OA 
O60 
O42 
O32 
O30 
OLS 


Chemical Analysis, % 


Ke 


Mn 


* Designates the code used in Figs. 4, 


6, 12, 14 and 15 
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WELDING RESEARCH SUPPLEMENT 


i 
— 
a 
= 
= 
|_| 
= 
ke 
°C 
: 
Total 4 
by a |__| COHN 
0.098 0 0 0.17 ) 284 
0 07 0 0 0.13 0 202 
oo 0 0 21 0 200 
0 OS 0 0 0 12 0 205 ; 
0 08 0 0 0.13 () 227 : 
0.10 0 0 0 32 0 244 
ow 0 0 0.33 0 307 
O18 0 0 O34 0 254 
0 05 0 O17 5 75 
0 3.32 1 75 0 452 
be 


fixture by means of a porous diffusion 


plate It is considered essential that 
maximum possible protection be giver TORCH 


titanium during the welding operation 


The effectiveness of the inert-gas shield 
ing is evident by the ippearance of 


a bright silvery luster, or occasionally a 
bright metallic blue or gold diseolora 


tion on the surface of the weldment 


After welding it was common to find 


a sooty-black powder deposited on the 


plate surface alongside the weld de t t 
posits. This sooty powder was caused | 


by the vaporization of the metalli i} = ~ 5 - 
elements bemg welded Chemical 
analysis has shown this powder to be SECTION XxX 


primarily titanium oxide, with traces of x- RS 
BRASS 


alloving elements 


If « trailing or backing shield was not PORGUS- BRONZE OIFFUS PLATE 


used, a dull-white or gray seale ay Fig. 2. Trailing shield 


peared on the surface of the weldment 


This dull appearance is an indicatior 


of air contamination of the weld de 


posit Work at the College Park Sta 4 
tion of the Bureau of Mines* has show 
that weldments made without proper 


protection from atmospheri contamina 
tion are severely embrittled by the 


interstitials picked up during welding —S" 7] 
Details of welding procedure follow 
a) Joint design: 60-deg double \ 
butt with a '/y-in. root opening using 
two or more weld passes When 
RCI30A heat A3248 was used as a base 
metal, the joint geometry was a 45 a HELIUM 
deg double V-butt with a ne 
opening BRASS 
(b) Meter readings: 345-360 amp 
75-V open and 40-V closed circuit volt _ SECOND PASS 


age; direct current, reverse polarity Fig. 3 Backing fixtures. For the first weld pass, a water-cooled support bar 


(c) Are-travel speed: 12 ipm fitted “to the underside of the weld joint was used. For the remaining weld 
(d) Wire-feed speed; 375-450 ipm passes, the fixture is essentially an inert-gas chamber with a porous diffusion 
(e) Shielding Primary—a mixture plate to disperse helium uniformly against the underside of the weldment 
consisting of 90 cfh helium and 10 cfh 
argon (l-in, ID nozzle Praiul—100 Method of Notch-Toughness Testing metal are evaluated sunultaneously® 


ie i Wi 
efh heliun Backing l pot vater From an Ordnance standpoint, notel wee Figure 10 

cooled copper; 2nd pa 100 efh helium toughness is one of the prime considera 


A low interpass temperature (room tions in determining the acceptabilit Results of All-Weld-Metal 
temperature) was maintained for each of materials to be used in highly stressed impact Tests 
weld. A mixture of helium and argon structures. During this investigation Unalloyed Fillers Deposited in 
was used in the primary shield so that of the weldability of titanium, the stand- Unolloyed Base Metal 
the required depth of penetration would ud ASTM V-notch Charpy unpact Weldments were produced by de- 
be obtained while maintaining the pecimen was used. Evaluation of the nositing various unalloved elestendes 
quieter are haracteristics of iron notch toughne al deposited weld metal two heat nd inalloved base metal 
A welding-grade argon with a guaran vas mace vitl pecunens cut trom higure 4 how the Charpy unpact 
teed minimum purity of 99.92% was used double-V butt weldments so that the transition curves for the depo ited weld 
while the helium used had « guaran notch and cross-sectional area under meta Most of the filler materials 
teed purity of 99.95%. If low-purity or the notch were entirely within the de labeled “Filler A” in Fig. 4, produced 
contaminated gases are used, weld posited weld metal. The notch was cut weld-deposit impact data falling within 
ments show marked discoloration at all perpendicular to the plate surface and Fhe of 
rates of gas flow going through both the first and second titial content, of the filler materials used 

Jead-on plate weldment vere also weld passe vhich fell within the seatter band were 
prepared for the evaluation of the heat A second evaluation of notch tougl a folle 
affected base metal by means of the ness was mace vith specimens ma 
Watertown Arsenal Laboratory (WAL chined from bead-on-plate weldments so Carhos 00% 0.19 
composite impact specimen. The de that the notch and cro ectional aren Oxyget 0 O68 0 146 
tails of welding procedure were the under the notch consisted of equal por Hydroget 0 000 0 026 
same as above except that (a) a single tions of weld metal and heat-affected Nitroget 0 030-0 O64 
weld pass was deposited in a groove and hase metal. Vy means of this specimen lotal COH? () 244-0 264 
(b) the backing shielding consisted of the notch toughness of the heat-affected 
5O cfh helium hbase metal and the «ae posited weld Of the eight heate ol inalloved filler 
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metal investigated, three fell outside 
the seatter band. Filler B with the 
interstitial content of the filler 
materials investigated (0.227 total 
COHN) produced the toughest weld 
deposits of all the electrodes. Fillers 
C and D (0.292 and 0.397 total COHN, 
respectively), having the highest inter- 
stitial of the 
trodes investigated, produced transition 
curves that fell below the scatter band. 

Thus, in general, the notch-sensitivity 
of weld deposits in a given heat of base 


lowest 


content unalloyed elec 


material increased as the total COHN 
in the filler metal increased. However, 
upon total inter- 
stitial content provide no indication as 
to the effect of specific elements. For 
example, Filler C contained 580 ppm 
of hydrogen which in all probability ex- 
plains the lower impact test results ob- 
tained in welds with this 
filler metal.* 

While there was some difference in 
the level of the impact data obtained 
for the deposited weld when 
using the two heats of unalloyed base 
metal (Fig. 4), there was not the wide 
difference shown by the unwelded base 
transition curves (dash lines in 
Fig. 4). With RCS5S (5-3205B) as base 
metal, almost all of the data 
for the weld deposits fell below the base 
metal transition curve. However, when 
using TiI75A (M230) as base metal, most 
of the impact data for the weld de- 


evaluations based 


produced 


metals 


metal 


unpact 


posits fell above the base metal transi- 
tion curve when the filler material had a 
low level of interstitial content. From 
Table 1 it can be seen that the two un 
differed ap 
content 


alloyed base «materials 
preciably their 


(S4 va. 130 ppm) 


hydrogen 


However, hydrogen 


is known to evolve during welding 
(Hartbower and Daley, loc cit). There- 
fore, in the case of heat M230, a pos- 


the 
fact that the weld-metal toughness was 


sible (or partial) explanation of 
generally better than that of the base 
be that the hydrogen was 
lower in the weld deposit 
The data pre- 
that un- 
plate considered in 


metal may 
aAppres inbly 
than in the base metal 
sented in Fig. 4 
alloyed titanium 
this investigation is welded with even 


show when 


the purest of unalloved titanium filler 


material, the V-noteh Charpy-impaet 


* To evaluate the effeet of } lrogen in th 
unalloyed plate material, samples from 
M230 were vacuum-annealed to re the 
hydrogen Vacuum annealing was done by the 


National Heseareh (Cor 1} following proce 

lure was ised Charpy bare inted in a epecial 
fixture that allowed maxim f their 
surface were held in @ furne t 
‘ for al Dun t itl 

pressure fr 0.10 to 0.05 » and then ar 
aradually al t was al 
lowed t ol te 400° ¢ in 01 then flooded 
with argon, opened to tl at pher ated the 
pecimens water quenched pact transi 
tion curves (M240 fore and after 
vacu are shown in Piy Thin in 
rease of notch toughness is attributed to the fact 
that the hydrogen content of the sterial dropped 
from 190 to Ll ppm as a reeult of vacuum anneal 
neg 


energy for the weld deposits fell below 
15 ft-lb at room temperature. 
Unalloyed Fillers Deposited in 

Ti-77,, Mn Base Metal 


Using the same unalloyed titanium 


electrodes as for joining unalloyed base 
weldments 


two heats of 7% 


metal, were prepared in 
Mn titanium plate 
Charpy impact transition curves for 


the deposited weld metals are shown in 


BASE METAL RC55(5-32958) 
UNWELDED BASE METAL 
—@-— FILLER A 4 
—A— FILLER 
—O— FILLER 
—A— FILLER 
60F 
> 
6 
w 40F 
2 
20F 
-60 -40 0 40 80 120 160 200 
BASE METAL Ti 754 (M230) 
] 
rc) 
¥ 
w 
i 


TESTING 


TEMPERATURE °C 


Fig. 4 Notch toughness of weld deposits formed by depositing several heats of 
unalloyed titanium filler material in two heats of unalloyed base metal 


Ti 75A (M230) 


100 T T T T 
AS RECEIVED 


® 80F © VACUUM ANNEALED 
> 60 
9 
40 
3 20 2 
160 “20 -40 40 60 120 60 200 


TESTING TEMPERATURE °C 
Fig. 5 Notch toughness of unalloyed titanium before and after vacuum annealing 
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AT 4a 
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produced data falling within the 


tter band | iller A on Figs 

f Mi { ind 6. are sl n towether with those for 

4 M ina el er 1) that consistently pro- 

80 - duced the most notch-sensitive welds 
‘9 f ef he eflects olf th base metal and filler 

. et ure ipparent With Filler D, 

tel ensit e weld were produced iti 
} ‘ et estiguted However, 

good fille iterial,* individual 

P flerence betwee metals are 
ent | ‘ ryle the unalloved 

Z base metals welded with Filler A showed 
ferent of toughne according 
to the total interstitial content of the 

et The two heats of Ti t by/ 

Mii et vere also markedly 


f ° BO 40 0 40 i) 20 160 200 lifferent (but f ensons not yet estab 


Unalloyed Fillers Deposited in 
Ti-4%, Cr-2°% Fe Metal 


Weld deposits were prepared using 
heats of 2Y,, Fe plate as 
4 te > e one of the two 
thickme the effeet of an increased 
nu er of weld passes was investigated 
snd ®/g-in. thiek 
te ere epared with two passes 
air t clata S) incdieate that 
the | eld had little 
te eta However, there 

4 ference between the impact 
| A— > ene ‘ ed by the two heats 
Ti 4 ry 80 2 206 net | hemical analysis of 
MPt ent | e |) provides a 
Fig. 6 Notch toughness of weld deposits formed by depositing unalloyed ti ‘ e 4 tion While the total 
tanium in Ti-7% Mn base metal eta-st tents were approxi 
ef the two heats of 
| er carbon and oxvgen 

Fig. 6 As in the e ot the unalloved fa weld deposit t bing ontent con ‘ to be the enuse of 
wwe metals. the ipact data for the inn unalloyed ( n ROOA heat thy er tou ess obtaimed in weld de 


deposits ad 


COHN) also produced the ost notel ywrsited in Ti-7°) Mn base metal 
t} 
band with “A 


AW 


ittes 


ot ensitive (less than 5 ft-ib Wate 
ness Alao in it room te erature The total COHN ’ Ks 
! tu AW 3504 


erties of 


tota 


the 


Heat M270 
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GEE weld metals designated “Fil 3248 ha e weld deposit t posits in Heat L192 
ler A” fell within a seatter band How ontain appre tely 30, Mn. There 
ever, the effect of electrode interstitia fore, it would be expected that weld de 
content on the noteh toughne of the posits formed | depositing unalloyes fon thet 
Hitoetal COHN 
deposited veil eta Vil tit ‘ natioyv etal ould be tel 
nounced is the ise th the unallover touy ol ondition that the base wid It chen 
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ied. excent Fille 1) ‘ rn othe te that wut consumahie eb Ae 
seatter band | 1) th the highest ith a tot COHN not im exce Ggation. How 
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elect nvest 207 test tratasts tah hen «ce = 
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ing element nit es tie proj ort ine ‘ 
veld depart ovided Figure 7 the results ol 
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Alloy Fillers Deposited in Unalloyed 
and Matching Base Metals 


Weldments were prepared by deposit- 
ing alloy fillers in both unalloyed base 
metal and base material having the same 
nominal composition as the filler mate- 
rials. The data obtained from impact 
tests on the deposited weld metals are 
represented by the curves of Fig. 9 
When the RCIB0A 
trode was deposited in unalloyed plate 
the the 
weld deposits was consistently greater 
matching 


consumable elec- 


material notch toughness of 
than in deposite produced by 


alloy filler and base metal combinations 


Notice that Ti75A (Heat M230) base 
metal, although having a somewhat 
higher interstitial content, produced 


tougher weld deposits than RCS5 (heat 
5320515) base metal when welded with 


RCISOA wire No explanation is of- 
fered for this anomaly When Ti 4% 
Cr- 2% Fe was used as a filler material 


in the same two heats of unalloyed base 
metal, the impact data formed a single 
transition curve. The excellent tough 
ness of the welds produced with L1O92 
wire is remarkable considering the total 
COUN of the electrode (0.432) This 
toughness confirms the previous observa 
that a higher 
can be tolerated in low-alloy alpha-beta 


interstitial content 
welds than in unalloyed all-alpha welds 

further to 
more clearly establish the effect of inter 

stitials on low-alloy alpha-beta weld de- 
Alloy weld deposits produced by 
filles 


notch-sensitive de- 


however study i8 necessary 


posits 


matching alloy and base 
resulted in 
posites which confirms data obtained at 
Battelle Memorial Institute (Faulkner 


etal 


using 
metals 


low eu } 


Results of Composite Impact Tests 
Composite Impact Specimen 


A somewhat unique method for 
evaluating the relative notch toughness 
of weld metal and heat-affected zone is 
being investigated at the Watertown Ar- 
Laboratories (Hatch and Hart- 
bower eit.). By this approach, it is 
possible to determine the notch tough- 


ness of deposited weld metal and heat- 


senal 


lon 


affected base metal simultaneously 

The specimen consists of a standard 
V-notch Charpy impact specimen, cut 
from a bead-on-plate weldment so that 
the test area of the specimen is one-half 
deposited weld metal and one-half heat 
affected base metal (Pig. 10). Impact 
testing is performed in the usual man- 
ner, Figure 11 illustrates the marked 
difference in fracture appearance that 
can occur between deposited weld metal 
and heat-affected base metal 

By of the 
men, the fracture performance of the 
weld metal and heat-affected zone can 
be evaluated (1) by measuring the total 


composite speci- 


energy used in fracturing the test bar, 
where the conventional plot of impact 


152-8 
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energy testing temperature repre- 
sents an integration of the notch-tough- 
Hess of the 
weld metal and the gamut of structures 
that make up the heat-affected 


metal, and (2) by measuring separately 


vs. 
characteristics deposited 


base 


of the test specimen and in the heat- 
affected base-metal half of the test speci- 
men, individual transition curves of de- 


formation vs. testing temperature for 


weld metal and heat-affected base metal 
where the latte: 


are determined repre- 


the lateral deformation in the weld half sents an integration of the toughness 
N 
Mi 08 106 
ea 
40 
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aa 
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a 
141 34 032 
a) 
TESTING TEMPERATURE ° 


Fig. 7 Notch toughness of weld deposits formed by depositing unalloyed ti- 
tanium filler material in unalloyed and Ti-7% Mn base metal 
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T T ine ned hent-aflectes 


base meta 
Total Energy Absorbed 
RC55 (5-3295B) he data as plotted in Fig. 12 provide 
Ti T5A(M 230) mparison between the energies ab 
RCI3ZOAW(AW3504) weld-metal specimens and the composite 


@ 


an 


{ three base metals 


eat of unalloyed filler 
\ and 1D, respectively) 
oduce the weldments 


IMPACT ENERGY FT- LB 


tion temperatures for 
ire presented in Table 3 
ed were similar with 
Where the 

howed higher 

than the all 


FILLER METAL 4Cr-2Fe(L1092) veld-metal specimen, an embrittled 


T T 
BASE METAL 
' ' 


@ RC 55(5-3295B) PLAN VIEW OF 
FRACTURED CHARPY 


| 


Ti75A (M230) 
4Cr-2Fe(Liog2) 


° 
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Fig. 9 Notch toughness of weld deposits formed by depositing alloyed titanium 
filler material in unalloyed or matching base metal 


DEPOSITED | HEAT ~ AFFECTED 
WELO METAL | BASE METAL 


¢ 
Fig. |! Fracture surface and lateral 


deformation in a WAL composite V- 
notch Charpy specimen 


ilustrated is an extreme condition showing 
coarse weld metal having a small amount of 


deformation and fine heat-affected base metal 


YU“ Y/ th, having a large amount of deformation. Speci 
A men was taken from weldment produced by de 
| 


positing Ti-4% Cr 2% Mo filler in Ti-4% Cr 2% 
| Mo base metal using the tungsten arc process 


Deformation lexpansion) is measured t means 
Sect TAIL, A 2 p 
of a comparator (X 30) using the undeformed 


Fig. 10 Watertown Arsenal Laboratories composite specimen sides of the test specimen as the reference 
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Table 3—All-Weld vs. Composite 


145 ft-th transition le mperalure 


specimens there are two transition curves 
one for the deposited weld metal and one 


for the heat-affected base metal. 
heat-affected base 


transition curve for 


The 


metal was the same for a given base ma- 


terial when welded with either 
or poor filler material; i.e., 
deformation 
Zone 


fected 


Was 


occurring 
independent 


a good 
the lateral 
the heat-af- 


ol the 


in 


notch-toughness characteristics of the 


weld metals investigated. 


From the curves of Fig 


seen that the transitions 


posits produced by 


inamtain the 
gardiess of whether the base metal w: 


same relative 


14 it can be 
for weld de- 
Fillers A 1) 


positions re 


and 


All-weld-metal Composite specimen 
metal Filler A killer Filler A Filler 
RC'-55 (5-320518 RS 
2Fe 0 100 30 100 
RC 160 200) 200 
Lateral Deformation men, and to obtain maximum accuracy, 
In pearlitic steel it las been estab i shadowgraph ts used in measuring the 
lished that there ix a linear relationship deformation Figure 14 shows the 
hetween energy absorbed, lateral con transition curves obtained by plotting 
traction and lateral expansion in fra ateral expansion testing tempera- 
turimg harp specimens For tures: for each set of composite impact 
titanium a sunple relationship also holds 
between energy absorbed and the 


deformation occurring in the test spec 


Table 4—Transition Temperatures Corresponding to 2% Lateral Deformation 


men (hig. 13). By measurng the lateral Composite specimen 1//-weld 
expansion in each half of the WAL eom Fille Heat affected Weld metal 
promite specimen the transition Kase meta mela hase metal mela ypectmer 
characterwstics of the weld deposit and RC-55 (§-8206K \ 75 70 
heat-affected base metal are individually 10 
determined simultaneously Lateral 2he \ 20 10 
expansion is the difference in width (be I) 70 100 ”) 
fore and after testing) as measured at 
I) 200 
the COM surface of the spect 
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Fig. 12 All-weld metal vs. composite. 


weld-metal specimen and composite specimens 
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Titanium Alloys 


Comparison between the energy absorbed in fracturing conventional all- 
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0 120 60 40 ° 40 80 120 so 86200 160 120 80 40 ° 40 80 120 60 86200 
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v tanium (one trom each of two commer- 
@ BASE METAL - 4Cr-2Fe 
O BASE METAL-UNALLOYED TITANIUM 
4 4 4 ganese and heats contaimimng chro- 
= | mium plus is the principal alloying 
widitions The we lding electrodes in- 
040 estigated were unalloyed titanium, 
< OF 
= except for single heats of Ti-7% Mn and 
030 Cr-2% Fe Chemical analysis 
we for interstitial elements in both filler and 
mse metal revealed marked differences 
020 ] hetween heats ( harp speci 
= mens were taken from (a) double-V butt 
~ 
-~ O10 | veldment so that the cross section 
5 inder the notch consisted entirely of de- 
| posited weld metal and bead-on 
tate woldments so that equal portions 
IMPACT ENERGY (FT -LB) of deposited weld metal and heat 
iffected base metal were in the test arena 
inder the note! 
Fig. 13 Relationship between defor- 
mation and energy. The total lateral BASE METAL RC 55(5-32958) 
deformation vs. total impact energy is 025 r r 
plotted for unalloyed titanium and an ~—K— HEAT-AFFECTED BASE METAL 
alloy titanium FILLER METAL A 
O20) -@-FILLER METAL 0 
f 
unalloyed or alloyed; i.e., Filler A havy- ois 
ing the lower interstitial content pro 
duced tougher weld deposits than Filler d 
1) In the case of the unalloved base 010 ; 
metal, both weld deposits were indi | L- 
cated to be more notch sensitive than 008 — ig 
the unalloyed heat-affected base metal 7 
In the ense of the Ti ke 
base metal, the weld-metal transitio 000 
l ‘ ‘ rn Lion 420 -80 40 0 40 80 120 60 200 
curves indicated one weld deposit to 
have superior toughness and the other BASE METAL 4Cr-2Fe(Li092) 
weld deposit to be more notch sensitive 
than the heat-affected base metal. The z 025 a 
Ti 1% Mn alloy base metal (Heat AW = 
3504) produced highly notch-sensitive é 020 
weld deposits and heat-affected base 3 
metal using either filler material. No 3 
explanation has been found for the ex 016 
tremely poor prope rties obt Lined 
when using this particuls heat of Ti r by i O10} 
Mn base meta! 
a 
As a check on the quantitative ilue 4 
of transition temperature obtained with a 
the WAL composite test specimen the & 
total lateral deformation occurring in a 000 
all-weld metal pecimens was men ured 1zO “60 200 
and transition curve plotted Figure 15 
shows the transition curve obtained BASE ME TAL RC |30AW( AW 3504 ) 
from both the composite specimen and 025 
the ill-weld metal specimen 
lateral deformation as a pertormance 020 \— oa 
criterion, the transition temperatures for 
the deposited veld meta determined 
WAL COT te test er re in 
remarkab! lose agreement Table 4 O10 
Summary 
Weldments, prepared | the nert = 
ygas-shielded consumable-electrode pron 008 
ess, using commercia tilable ti 
tanium and titanium allovs, have beer 000 
tasted 420 “60 “40 40 60 120 200 
or wet rie i ougthine ‘ i 
range of temperature | mans the TESTING TEMPERATURE “C 
Charpy impact specimen. The base ma Fig. 14 WAL composite impact curves Transition curves for the 
terials used during tl! nvestigation deposited weld metal and heat affected base meta! as obtained by 
consisted of t heat f una ed t means of the WAL composite impact specimen 
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BASE METAL RC55(5-32958) 


COMPOSITE SPECIMEN 


DEFORMATION 


LATERAL 


120 60 200 
BASE METAL 


0 
“160 -120 -80 
2Fe(Lio92) 


| 


120 60 200 


PERCENT 
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TESTING 


The following observations were made 
regarding the deposited weld and heat 
affected 
tion 


base metals under investiga- 

(a) Weld deposits in unalloyed ti 
tanium plate developed less than 15 ft-lb 
V-noteh Charpy impact energy at room 
temperature even when using the best 
of the unalloyed titanium wire commer 
the time of the in 


cially available at 


vestigation The notch toughness of 
the weld deposits in a given base metal 
was found to be dependent upon the im 
terstitial content of the filler material 
used 

(h) 


posits produced by depositing unalloyed 


Low-alloy alpha-beta weld de- 


titanium filler material in commercially 


available alloy base metals or by de- 


positing commercially available alloy 


filler 


developed appreciably 


material in unalloyed base metal 


greater tough- 


effects in the 
big 6 


* Hecause of certain anomalk 
case of heat 4504 hase metal 
and Ti 4% Cr-2% Fe heat L.1002 wire (Pig. 9 
further study appears necensar with regard to 
the combined effect of interstitials in low-alloy 
alpha-beta weld deposits 


tities 


40 


TEMPERATURE °C 
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Fig. 15 All weld metal vs. composite. Comparison between the lateral deformation occurring in the weld 
metal of the composite specimens and the lateral deformation occurring in all-weld metal specimens 


ness in the low temperature range than 
the 
relative notch toughness of the various 


unalloyed weld deposits Again, 


weld deposits formed in a given base 

metal was a function of the interstitial 

content of the filler material.* 
(c) Matching filler 


metal compositions developed little or 


alloy and base 
no toughness (less than 10 ft-lb at room 
temperature) in either the weld or heat 
affected base metal 

(d) The bead-on plate notch-bar im- 
pact test specimens (WAL composite 
provided a means of evaluating the rela- 
tive notch toughness of weld metal and 
heat-affected The notch 
toughness of heat-affected 
base metal was indicated to be greater 
than the deposited weld metal; whereas 
the notch heat-affected 
zones in the alpha-beta alloys investi 


buse metal 


unalloyed 
toughness of 
gated was generally low 


Conclusions 


Although deposited weld metal of ac- 
ceptable toughness can be readily ob 
Titanium 


Daley, Jr., Harthower 


tlloys 


40 80 120 60 200 


by either the use of unalloyed 


filler deposited in alloy base metal or the 


tained 


use of alloy filler deposited in unalloved 
base metal (if both filler and base meta! 
are low in interstital content), the heat 
affected zones of the titanium alloys in 
vestigated leave much to be desired 
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Tests indicate that carbon migration does not have a profound effect on 


CARBON MIGRATION IN WELDED JOINTS 
AT ELEVATED TEMPERATURES 


physical properties; however, operation of composite weldments al temperatures 


|. Introduction 


The migration ot carbon during Berry 
ice at elevated temperatures has been 
at the 


alloy side of composite welds between 


observed most frequently low- 


ferritic and austenitic materials.’ 
In this case the carbon migrates into 
the 


decarburized band in the adjacent low 


austenitic weld metal producing a 
alloy steel. Several instances have been 
reported of carbon migration in low 
alloy steel welds during high tempera 
ture postweld heat treatment.' 

The of 
plays an important part in many metal 
In the 


example 


diffusion carbon in. steels 


lurgical phenomena of 


cise 


decarburization, for surface 


atoms of carbon are lost to the furnace 
atmosphere through their combination 
Carbon 
to the 


as a result of the concentration 


with oxygen or hydrogen 

atoms within the metal diffuse 
surlace 
In carburizing 


the opposite case is true where carbon 


gradient thus created 


diffuses into the steel as a result of the 
concentration gradient created by add- 
suriace trom 
In both 
these instances the carbon diffuses from 


ing carbon atoms to the 
the carburizing atmosphere 


the higher-carbon concentration to the 
If the 


carbon migration which occurs in welded 


lower-carbon concentration 


joints behaved in this manner, it would 
be ot 
relatively slight adjustments in the car 


no concern since it would mean 
bon concentration on both sides of the 


fusion line and its effect on properties 


would be expected to be minor In 
instances where a difference m alloy 
content exists across an interface sucl 
as a weld fusion line carbon may mi 
grate from one side to the other when 


no earbon concentration gradient ex 
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Proces 
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ing Division Conference held in conjunet wit! 
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ists or even in a direction opposite to 


the carbon concentration gradient 


at which carbon migration may occur should be carefully evaluated 


Table |—-Composite W eldments Consid- 


has been shown in a classi experiment ered in This Investigation 
by Darken* Which carbon was ob Ferritic-lerritic combinations 
served to diffuse from a lower-carbon Identi Socal High-alloy 
steel to a higher-carbon steel of dif material 
ferent alloy content. Darken explains 
that while the concentration gradient 2'/,Cr-1Mo* 
vould dictate that the carbon migrate ( Carbon «tec! 5Cr—'/eMo 
from the higher level to the lower level I) Carbon ateel i4Cr \! »Mo 
the difference in alloy content creates an 2'/ Cr-lMo 
activity’ gradient which counteracts Mo 14Cr-1'/;Mo 
the effect of the concentration gradient Verritice-austenitic combinations 
ind causes the carbon to migrate in the 21 l'ype 347° 
opposite direction I'he concept of an iCr-1Mo 
wetivity gradient is somewhat ab iCr-IMo 
stract but it may be visualized on the ( . TTA ‘ 
basis that there will be a difference in 
the energ ibsorbed or evolved by the Type S47 
uldition of carbon atoms to two steels of 
different allo content If these two ¢ Weld metal 
steels are joined together, this difference t Inconel 132 
in energy is available to provide the t Stellite No. 6 
driving force to cause the carbon atome 
present im one steel to migrate to the welded joint vere a difference in alloy 
other Thus, the possibility of carbon content exists between the weld de- 
migration in composite welded joints posit and base metal) is of concern be 
Table 2—Chemical Composition of Materials 
(‘ombina 
lion 
where (he ca / 
Valeria ised ( Va W Ch Ni 

Carbon AB 23 

2'/,Cr - 1Mo O1l 238 1.06 

1'/»Mo OOF 14.9 A) 

IMo (; Os 2.54 O Bi 

1Mo 0) 17 Of 

IMo J, O16 OF O 2 


* Indicates nominal compositions 
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cause carbon can be depleted on one were etched first electrolytically with tion effects. The occurrence and 


side of the fusion line and concentrated 10%, sodium cyanide to reveal carbides growth of the carbon migration in the 
on the other and produce a greater in the high-alloy material and then ferritic-ferritic combinations was indi- 
effect on properties than a simple with 2% nital to reveal the structure cated by the presence and growth of the 
elimination of concentration gradients. of the low-alloy material. However decarburized band in the low-alloy ma- 
There is no assurance that the carbon Combination M was etched only with terial. In the ferritic-austenitic com- 
migration phenomena will have the the 10% Nan, binations it was indicated by a car- 
same time-temperature dependence as The samples were then examined burized band in the austenitic materia! 
normal rupture behavior and as a con- for evidences of carbon migration Typical examples of the growth of the 
sequence the normal extrapolation of The outside edges were not considered decarburized band in the carbon stee! 
rupture data might be in error because of possible surface decarburiza for combination A for various times of 


In order to assess the importance of 


carbon migration on the reliability of 


welded joints in high temperature serv- 


ice & program was initiated to 


|. Determine the propensity of a 
number of alloy combinations 


to carbon migration 


2 Develop & time-temperature re- 


lationship which would be 


capable of predicting the ex 
tent of carbon migration during 


service at operating temper 
atures from short time higher 


temperature tests 

4. Determine the properties of 
welded joints aged to simulate 
the extent of carbon migra 
tion which would be expected 


inh service 


ll. Experimental Procedure and 
Results 
To determine the effect of composi- 


tion, temperature and time on the 
migration of carbon in composite weld- 


Aged 100 hr at 1300” F Aged 200 hr at 1300” F 


ments, the material combinations listed 


in Table 1 were prepared. These alloy 
combinations were selected to cover Fig. | Growth of decarburized band in carbon steel in '/.Cr—1Mo weld metal to 
wide variations in chemistry to provide carbon-steel weldment with time at temperature (weld metal is material at right). 
measurable amounts of carbon migra- Etch: 2% nital. X50. (Reduced by 40% upon reproduction) 


tion and to cover the range of ma- 
my 


terials which might be encountered in 
high temperature service. The chemi- 


cal composition of these materials is 
listed in Table 2. These samples were 
prepared, with the exception of com- 
binations ©, D, and by depositing 
weld metal of the appropriate high- 
alloy material composition on the low- 


alloy wrought base material. The weld 
ve 
deposits were three layers high and 
several beads wide. Combinations C, 


D, and F were prepared by flash EMRE 


welding the appropriate base metals 


together, 


The samples were then cut into ap- ev “3 
proximately cubes and aged for 
various times at temperatures from rts 
1100 to 1300° The temperature was 
measured by attaching a  chromel- 
alumel thermocouple to one of the sam- F . 
ples. The maximum temperature vari- A a 
ation was found to be within #£5° F / 
of the desired temperature After 
aging, the samples were cut in half and Bg “, 
the fusion line area was prepared for 
metallographic examination Aged 160 hr at 1300° F po 1300 he at 1300° F ‘ 


The ferritic-ferritic combinations were 


etched with either 2°, nital or Vilella’s Fig. 2. Growth of carburized band in E3N12 weld deposit in E3N12 to 1Cr—1 Mo- 
reagent depending on the material '/4V weldment with time at temperature (weld metal is material at right). Etch. 
The  ferritic-austenitic combinations 10% NaCN and 2% nital. X100. (Reduced by 40% upon reproduction) 


158-s Christoffel, Curran—-Carbon Migration in Welds Researcn SupPLemMent 


—— 
Ac-welded Aged 60 hr at 1300° F 
& 
As welded Aged 42 hr at 1300° F 
} 


exposure at 1300° F are shown in 
Fig Typical examples of the 
growth of the carburized band in the 
h3N12 weld deposit for Combination J 
lor Various exposure times at 13500 | 
are shown in Fig. 2 

The extent of the decarburized bands 
for the ferritic-ferritic combinations and 
for the extent of the carburized bands 
for the ferritic-austeniti ombinations 
for the experimental exposure condi 
tions were measured and the results are 
tabulated in Tables 3 and 4 The 
values presented are the average of 
measurements taken at at least five 
different locations along the fusion line 

A portion of the results are shown 
graphically to illustrate the effect of the 
ariables time and temperature 
ure 3 shows how the With of 
decarburized band in the carbon 
lor the 5Cr Mo to carbon 
combination increases as the time 
temperature increases It 
noted that the data produce a 
ine, at any temperature when 
width of the deearburized band 
plotted against the exposure time on a 
log-log seal Figure 4 shows a similar 
effect of time and temperature on the 
growth of the carbide band in the 


h3N12 weld deposit of the E3N12 to 


combination 
Time-Temperature Equivalence 

In order to establish a relationship be 
tween the temperature and the time 


amount of 
ve data 
the he.. 
in long-time 
first consider 
nomena mvolved 
bon migration 
both 
materiais are 
or this ana 
The meta ograp! exanunation 
dicated that the boundary of the 
burized area was quite sharp. Tl 
cates that the irbon concentration 
robably drop rply at the boundary 
band. It is, there 
fore, possible | nt schematically 
the carbon d ution In & composite 
weldment ome migration ha 
5. Referring 
of the over-all 
irbon migration pro { then be 


scribed as follo 


Table 3—Extent of Carbon Migration 


ed nd in low-a y mate 


ition crosses the 
illoy material 
The prime 

ises the carbon 
difference be- 

ch results ima 


on in the high-al 


it 


on concentration 
teel at a lower 
ire of the magni 
e is the differ 

ition on the high 
of the fusion 


carbon to the 
‘ the carbon 
ile of the joint 
precipitation of 
irbon =concen- 
olubility limit 
result ina carbon 
ind carbon will 
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Fig. 3 Effect of temperature on carbon migration. 5Cr—'/, Mo to carbon steel 
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Fig. 4 Effect of temperature on growth of carburized band. E3N12 to | Cr—1Mo- 


in the low-alloy material has dropped 
below the solubility value by virtue of 
the migration across the fusion line, 
some of the total carbon which is in 
the form of «a carbide breaks up and 
goes into solution (carbon can only 
migrate when in 
earbide) to bring the carbon level in 
solution back up to its solubility value 
at this point 

It can be seen from the description 
that the the 
counts for the occurrence of the de- 
Also, it can be seen 


solution-—not as a 


solution of carbides ac- 
carburized band 
that the solution reaction occurs only at 
the plane parallel to the fusion line 
plane where the carbon concentration in 
solution has just dropped below its 
equilibrium value. This accounts for 
the sharp boundary of the decarburized 
band and the sharp break in the total 
carbon concentration at the boundary. 

This is a schematic description of the 
carbon migration phenomena in com- 


AOO-s 


posite weldments. 
be described mathematically as shown 
The derivation of this relation- 


in eq 2. 


ship is shown in the Appendix 


where: 


Up 
opt 


The phenomena can 


D = diffusion coefficient of carbon. 
= time 
xX = width of the decarburized band. 


(Ce, Ca, Co are defined in Fig. 5.) 


It is also possible to show from eq 2 
that the relationship between the tem- 
perature and time necessary to produce 


a given width of decarburized band can 


be expressed as parameter P which is 
written as follows: 


P= K/T + logt (3) 


where: 

K = constant. 

7 = temperature (°Rankine) 
time (hr.) 


- 


The derivation of this parameter re- 
lationship from eq 2 is also shown in the 
Appendix. 

The parameter equation shows the rela- 
tionship between time and temperature. 
Once the constant K is determined, 
the equivalence between time and tem- 
perature is known. This makes it pos- 
sible then to conduct some short-time, 
high-temperature tests which will dupli- 
cate conditions expected during long- 
time, lower-temperature service. The 
specific value for the constant A’ is 
generally peculiar to each combination 
of materials comprising the weldment. 
Its value is determined empirically from 
the experimental results. The K values 
determined for the combinations in- 
vestigated are listed in Table 5. 

Knowing the value of the constant A, 
the time-temperature exposure treat- 
ments given to the various samples 
can be used to calculate the parameter 
values for the particular exposure con- 
ditions. The extent of the carburized 
or decarburized bands previously listed 
can now be plotted against the param- 
eter values on a semilog plot. Typical 
examples of the data plotted in this 
manner are shown in Figs. 6 and 7 
which are the results of combinations 
Band J. The data in this form can now 
be used to predict behavior for any 
set of exposure conditions. For pur 
poses of comparison the results that 
would be obtained after 100,000 hr of 
exposure of the various combinations 
at various temperatures, are listed in 
Tables 6 and 7. However, in order to 


lide nitfica- 


tion 
A 
B 
D 


M 


Table 5—Values for Parameter Constants 


Low alloy 


material 


Carbon steel 
Carbon stee! 
Carbon steel 
Carbon steel 
24/1 
'/,Mo 
2'/ ,Cr-lMo 


Cr 


Mo 


IMo 
IMo 
IMo 
IMo 


Cot \ 


High -alloy 


material 
'/Cr-l1Mo 20,000 
2'/ Cr-IMo 23,500 
5Cr-'/»>Mo 18,500 
14Cr-1'/,Mo 18, 500 
14Cr-1'/.Mo 18,500 
14Cr 1'/.Mo 18, 500 
347 35,000 
E3N12 25,000 
E3N12 25,000 
0% Ni 
CoCr-A 32,000 
347 24,000 
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Table 6—Summary of Predicted Results for Ferritic-Ferritic Combinations 


Lou auloy 
Identification material 
A ‘arbon steel 
Bb ‘arbon steel 
© ‘arbon steel 
D arbon steel 
sf IMo 
i Mo 


Width of decartu ed band after 


High-allo 100,000 hr exposure, mim.* 


ria 


14C 
14Cr 
14Cr 


IMo 1 4i 


l 


IMo y ‘2 
Mo f » 75 } (6.3) 
Mo ; is 7) 
Mo 0.17 27 ; : 2 (1.27 
Mo 0 093 2 ; (0 65) 


* Results based on 0.12% carbon content in low 


t ( extrapolated values 


make valid comparisons between ma 
terials, it was necessary for the case of 
the ferritic-ferritic combinations to cor- 
rect the data to a common carbon con- 
tent in the low-alloy material. The 
reason for the necessity of this cor- 
rection can be seen from eq 2. This 
equation indicates that the width of 
the decarburized band is inversely pro- 
portional to the square root of the 
original total carbon content in the low- 
alloy material. This inverse relation 
ship is apparent if one considers that, 
lor a given amount of carbon crossing 
the fusion line, for a given exposure con- 
dition, the volume of material from 
which this amount of carbon comes 
will be smaller if the over-all carbon 
concentration is higher The carbon 
content in the low-alloy material for 
combinations and 1) was and 
since this is a normal carbon content 
for weld metals all the results for the 
ferritic-ferritic combinations were cor 
rected to a common base of 0.12% 
carbon content in the low-alloy ma 
terial. 

To illustrate the manner in which 
this correction was made consider Com 
bination B, the 2'/,Cr — 1Mo to carbon 
steel weldment. The carbon content of 
the carbon steel was 0.237 The 
parameter plot (Fig. 6) indicates that 
after 100,000 hr of exposure at 1000° Ff 
a decarburized band 1.57 mm wide will 
he present in the carbon steel The 
ratio of carbon content between the ma 
terial used and the common base se 
lected for comparison purposes is 
0.23/0.12 or 1.92. The square root of 
this ratio is 1.385 The measured 
width is then multiplied by this ratio 
and the corrected band width is 2.17 
mm, If some base carbon other than 
4) 12% is desired, the reported results 


ean be modified in a similar manner 


lil. Physical Tests 

The composite weldments listed in 
Table 8 were prepared to determine the 
effect of carbon migration on the 
physical properties of the weldment 
The details of the sample preparation 
are given in the following sections which 
describe the various tests employed 
Combinations N and P were used to 
separate tempering effects from carbon 
migration effects Aging at elevated 
temperatures will produce only temper- 


alloy material 


Table 7—-Summary of Predicted Results for Ferritic-Austenitic Combinations 


Ident: High of carburized band after 


alloy (Wid lh rpo men 
10450° F 1100 
‘ y 
; 


ing 
ol 


n these combimations while aging 


eo! 


both 


nbinations O and R will produce Table 8—Composite Weldments Pre- 
pared for Physical Tests 


tempering and carbon migration 


Therefore, a comparison of results be Ident 


tween 


combinations N and and be High-alloy 


tween P and R should indicate the effect bie matlerte material 


of carbon migration only or | Carbon steel 


Tensile Tests irbon | 2 


IMo 
2'/,Cr 1Mo 


( omposite veldments from which 


tandard O.505-in. diam tensile speci 


CARBON CONCENTRATION 


FUSION LINE 


HIGH ALLOY MAT'L-“#*——LOW ALLOY MATERIAL 


Ce 


+<+—DECARBURIZED BAND 


Co 


0 
DISTANCE FROM FUSION LINE 


ORIGINAL TOTAL CARBON CONTENT IN HIGH ALLOY MATERIAL 
ORIGINAL TOTAL CARBON CONTENT IN LOW ALLOY MATERIAL 
CARBON SOLUBILITY CONCENTRATION IN LOW ALLOY MATERIAL 


CARBON CONTENT IN LOW ALLOY MATERIAL AT THE FUSION LINE 
CARBON CONTENT IN HIGH ALLOY MATERIAL AT THE FUSION LINE 


Fig. 5 Schematic diagram of carbon distribution in composite weldment ofter 
exposure for some time interval at an elevated temperature 
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mens could be machined were prepared 
by depositing the weld metal of the 
high-alloy composition listed in Table 
S by the manual metal-are process be- 
tween plates of the low-alloy material. 
Combinations N and O were aged for 
1150 br at 1200° F to duplicate 100,000 
hr of service at 1000° | 
P and R were aged for 1500 hr at 1300° 
F to duplicate 100,000 hr of service at 
1150° After aging 
mens were machined and tested. The 


Combinations 


tensile Bpeci- 


results are listed in Table 9 


Rupture Tests 

Samples for rupture tests were pre- 
pared and aged in the same manner as 
The tem- 
peratures used for rupture testing were 


the tensile test specimens 


such that any additional time at tem- 
perature would have a negligible effect 
on the extent of carbon migration pro- 
duced by the aging treatment. These 
results are listed in Table 10 


Guided-Bend Tests 

Samples of the combinations listed in 
Table 8, plus a fifth combination of 347 
to 347 and identified as S were pre- 
pared to make guided-bend specimens. 
These samples were prepared by flash 
welding the two base materials in each 
combination together Flash welding 
of the two 
wrought condition, was used for this 


base materials, in the 
test so that only one uniform fusion line 
would be present in the test sample 
The use of wrought materials, rather 
than weld metal, should not affeet the 
extent of carbon migration 

The bend test phase of the program 
was planned to evaluate not only the 
effect of 


Le. comparing the results of aged sam- 


relative carbon migration, 
ples with and without carbon migra- 
tion as in the case of the rupture tests 
and tensile tests, but also any absolute 
effect of aging by comparing aged re 
sults with unaged results for the same 
Also, for the bend tests, it 


was necessary to test three weldments to 


weldment 


evaluate the effect of carbon migration 
in the dissimilar material weldment; 
Le., one weldment in which both ma- 
terials were the low-alloy material of 
the composite weldment; one weldment 
in which both materials were the high- 
alloy material and the third weldment 
being the composite weldment between 
the high- and low-alloy materials 
After welding, the samples were given 
a stress relief heat treatment of 2 hr at 
1200° 
bination were bent in this eondition 


Two samples from each com 


Two samples from each of ecombina- 
tions N, O and I were aged for 1150 
hr at 1200° F to duplicate 100,000 hr of 
service at 
each of combinations P, R and S were 
aged for 778 hr at 1300° F to duplicate 
100,000 hr of service at 1130° FP. After 


Two samples from 


aging these samples were bent in a 
guided-bend test and no cracking was 
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Table 9—Results of Tensile Tests 


Tensile O29, yield Elongation Reduction 
Identifica strength, strength, in 2 in in area, Location of 
tion pst psi % % fracture 
N 55, 400 $5, 250 95 10 7 Carbon steel 
56, 400 45, 000 7.5 17.2 Carbon stee] 
P 67,400 46, 900 18.3 17 7 2'/,Cr- 
67, 400 ‘3, 750 20 8 19 8 2'/,Cr- 1Mo 
Table 10—Rupture Test Results 
Teast Elonga- Reduc- 
tempera Time to lion tion 
Identifica- ture, Stress failure, in 2 in in area, Location of 
cation psi fracture 
N O50 4.000 1007 28 77 Carbon steel 
N 1100 6,000 120 30 Su Carbon steel 
O50 4,000 1146 Carbon steel 
1100 6,000 120 28 ow Carbon steel 
1000 15,000 23 sO) 2'/,Cr- 1Mo 
15,000 1350 14 74 2'/,Cr 1Mo 


Table |1—I\mpact Test Results 


Energy 


Identifica- Heat Location absorbed, Average, 
lion treatment of notch ft-lb fi-lh 
N Stress relieved Fusion line 12 5-81 5-19 5 Is 
0 Stress relieved Fusion line 22 5-5-5 11 
P Stress relieved Fusion line 8O 5-116-40 5 82 
N 1150 hr @ 1200° I Fusion line 7-11-11 1) 
1150 hr @ 1200° I Carbon stee! $1-16-33-34-21 27 
0 1150 hr @ 1200° 2'/,Cr-1Mo 22-75-34 1-41-47 
P 1150 hr 1200° F Fusion line 86-05-1000 
P Stress relieved Fusion line SY 5-L16-40 5 $2 
Stress relieved Fusion line 34-18-33 5 29 
Ss Stress relieved Fusion line 72-98-1125 4 
P 778 hr @ 1300° I Fusion line 140-04-113 106 
K 778 br @ 1300° F 2'/,Cr-1Mo 157-42-119-157-169 120 
778 hr @ 1300° F 347 83-09-85-46-90 80 
Ss 778 hr @ 1300° F Fusion line 79-78-67 75 


observed in any of the samples 


Impact Test Results 

Materia! for making standard Charpy 
V-notch specimens Wis prepared by 
flash welding, using the same combina- 
tions and aging treatments given the 
For the samples tested 
only, 


bend Sspeciinens. 
in the stress-relieved condition 
the notch was located at the fusion 
line. Three specimens for each com- 
bination were tested in this condition 
For the aged specimens of combina- 
tions N, P and 8 (similar materials on 
both sides of the weldment) the notch 
was also located at the fusion line 
tested for 
For the aged specimens 


Three samples were each 
combination, 
of combinations O and R (the dis- 
the notch 


was located as near as possible in the 


similar material weldments) 


carburized and the decarburized regions 
Because of anticipated machining diffi- 
culties, five samples were used for each 
case, The results of these tests are 
listed in Table 11 


IV. Discussion 
The results will be discussed in three 


Carbon Migration in Welds 


sections: the first two will deal with the 
extent of carbon migration as affected 
by the variables of time, temperature 
and composition in the ferritic-ferritic 
combinations and in the ferritic-aus- 
tenitic combinations. The last section 
will deal with the effeet of carbon mi 
gration on physical properties. 
Extent of Carbon Migration in Ferritic- 
Ferritic Weldment Combinations 

The effect of time and temperature 
on the extent of carbon migration in 
what one 


composite weldments is 


would expect in any rate process 
increasing either tnereases the mi 
This effect is reflected in the 
parameter plots of the data which show 


that the decarburized band widths in- 


gration 


crease as time and temperature, as 
represented by the parameter relation- 
ship, increase. 

The effect of composition on the ex- 
tent of carbon migration can be seen 
by comparing the results obtained 
for the 
similar exposure conditions. To observe 
the effect of increasing the alloy content 


in the high-alloy side of the weldment 


various combinations afte: 
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Fig. 6 Carbon migration in 2'/,Cr- 


weldment 


for a constant low-alloy matenal, con 


results obtained for com 
binations A, B, C and D after exposure 
equivalent to 100.000 hr at 1000° F 


we nts have 
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nuaterial Varies 
Mo 
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from 
The results for 
| ible ware 
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shown graph ally in Fig. S It can be 
from this figure that 
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Increasing 
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| Mo ard the low-allo 


stee 


same 
terial vanes fron 
Mo The result 
veldments which are 
Table 6, are 
It 
that increasing the alloy content of the 


shown graphics 


in be seen from these resulte 


low-alloy material for a constant high 


produces t Significant 


width of the deear 


alloy material 
reduction the 


burize d hand 


SEPTEMBER 1956 


1Mo to carbon-steel 


Christoffel. Curran 


WIDTH OF CARBURIZED IN E3.N12 (mm x10%) 


ment 


The result obtamed also 


another significant tact which 1 that 
the difference 


wro the fusion ti 


int illo content ilone 


ne does not indicate 


the extent of carbon migration whicl 


W ALLOY MATERIAL 


IN LO 


OF DECARBURIZED BAN 


J 


we MENT IM BINATION 


Fig. 8 Effect of increasing the alloy 
content of the high-alloy material for 
a constant low-alloy material on the 
width of the decarburized band in the 
Exposure condi- 
100,000 hr at 


low-alloy material 
tions equivalent to 


1000” F 


Fig. 7 Carbon migration in E3N12 to 1Cr 
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Fig. 9 Effect of increasing the alloy 
content in the low-alloy material for a 
constant high-alloy material on the 
width of the decarburized band in the 
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band 2.17 mm wide in the low-alloy 
How- 
ever, for Combination F the difference 
in alloy content across the fusion line 
is roughly 12°/,% Cr and '/7% Mo and 
for similar exposure conditions the de- 
carburized band width in the low-alloy 
material is only 0.92 mm. Thus, even 
though the alloy difference across the 
fusion line seta up the prime driving 
force which causes carbon migration, 
the absolute values of the alloy con- 
tents in the materials making up the 
composite weldment must also be con- 
sidered when dealing with carbon mi- 
gration. These results also illustrate the 
powerful effect relatively small amounts 
of alloying elements in low-alloy ma- 


material of this combination 


terial have on reducing the extent of 
carbon migration, 

The alloy composition of the ma- 
terials in the composite weldment also 
affects the equivalence between time 
and temperature as reflected in the 
value of the constant K. The value of 
K obtained for combinations A, B, C 
and D is plotted against the chromium 
content the material 
(this is the principal variable in com- 
position for these combinations) in 
Fig. 10. It will be noted from this 
figure that as the chromium content in- 
creases, the value of K decreases until a 
value of 18,500 is reached at approxi- 
mately 5% Cr content and is then 
constant at this value as the chromium 
content increases to 15° Thus, in- 
creasing the alloy content of the high- 
alloy material not only affects the ex- 
tent of carbon migration but also af- 
fects the equivalence between time and 
temperature. 

A more extended discussion on the 
significance of the effects just con- 
sidered is given in the Appendix 


high-alloy 


Extent of Carbon Migration in the Ferritic- 
Austenitic Weldment Combinations 


The observation of the occurrence 
of carbon migration in ferritic-auste- 
nitie weldmentsa was somewhat different 
than in the ferritie-ferritic weldments 
In the ferritic-ferritix 
occurrence and growth of the decar- 


weldments the 


burized band was the most obvious 
evidence of the occurrence of carbon 
However, in the ferritic- 
weldments the 
of the carburized band in the austenitic 


migration 
austenttic occurrence 
matertal was the first obvious evidence 
noted which indicated the earbon had 
migrated, It will be noted from Fig. 2 
that, after aging the KAN12 to 1Cr 

IMo '/4V, weldment for 42 hr at 
F, the carburized band in the 
Weld can be 
However, the decarburized band im the 
'r-1Mo-'AV 
apparent until the sample was aged 
for 1300 hr at 1300° Obviously 
though, the carbon which precipitates 
out as carbides in the austenitic ma 


readily seen 


material was not 
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terial saust come from the ferritic ma- 
terial, 

The rather late appearance of the de- 
carburized band in the ferritic material 
in ferritic-austenitic 
probably be explained by the difference 
in the diffusion rate of carbon in aus- 
tenite and in ferrite. The diffusion rate 
of carbon in austenite at 1300° F is 
roughly 100 times slower than the dif- 
fusion rate of carbon in ferrite at the 
same temperature. Thus, when the 
initial carbon has crossed the fusion 


weldments can 


line into the austenitic material it does 
not readily migrate away from the 
fusion line region. 
comes saturated with carbon and will 
not draw any more carbon from the 


Soon this area be- 


ferritic material until some of it has 
migrated away from the fusion line 
area under the influence of the carbon 
concentration gradient. In the mean- 


Fig. 10 Effect of chromium content 

in the high-alloy material on the value 

of constant K 


o 
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oo 
ao 


> 


w 


time, the region in the ferritie material 
which has been depleted in carbon is 
being replenished by carbon from the 
rest of the ferritic material, since the 
initial depletion of carbon also sets up 
a carbon concentration gradient in the 
ferritic material. Beeause of the faster 
diffusion rate of carbon in the ferritic 
material this replenishment of carbon 
in the ferritic material adjacent to the 
fusion line proceeds faster than the 
migration of the carbon in the aus- 
tenitic material away from the high 
concentration region adjacent to the 
fusion line. Thus, it appears, and the 
metallographic evidence confirms it, 
that considerable amounts of carbon 
can cross the fusion line into the aus- 
tenitic material before the carbon con- 
centration in the ferritic material near 
the fusion line has been reduced to its 


ARBON CONCENTRATION 
o 


Cc 


EFFECTIVE 


Row FUSION LINE 

Fig. 11 Schematic diagram of ‘‘effec- 
tive carbon concentration” distribution 
in the low-alloy material after expo- 
sure of the composite weldment at an 
elevated temperature for two time 
intervals 
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Fig. 12 Effect of chromium content in the high-alloy material for a constant low- 
alloy material (carbon steel) on the width of the decarburized band in the low- 


alloy material. 


Exposure conditions equivalent to 100,000 hr at 1000° F 
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solubility value and a decarburized 


band appears However the decar- 


burized band does appear eventual 
since, a8 more carbon crosses the fusion 
line into the austenitic material, the 
greater distance over which the carbon 
must muigrats n the ferriti 


fusion rates between the two materials 


material 


more than offsets the difference in 


It can also be seen from this discussion 
and from the results, that carbon mi 
gration is generally slower in austenitic 


ferritic weldments than lerrith 


ritic weldments It also appe: 
the diffusion rate of carbon in the ar 
tenitic material is the rate controlling 
reaction for this type weldment 
examining the results of combinations 
G, H and J, presented in Table 7, it will 
be noted that the effect of time and 
temperature is to increase the extent of 
migration. Comparing these combina 
tions it can also be seen that in com 
bination G the 2'/,Cr-1IMo to 347 
weldment produces slightly less migra 
tion than the other two weldments 
However, there is a negligible difference 
hetween combinations H and J which 
both contain E3N12 weld metal as the 
austenitic material This indicates 
that the addition of '/,0 vanadium to 
the low-alloy material in Combination 


1%Cr-1%Mo 


low-alloy material in Combination H 


J, over the nominal 
had no effect on the extent of migration 
These results also appear to indicate 
that the rate controlling reaction in 
ferritic-austenitic weldments is the mi 
gration of carbon in the austenitic ma 
terial, 

In ferritic-austenitic composite weld 
ments there was some question as to 
whether the driving force for the mi 
gration was the higher concentration of 
carbide forming elements in the aus 


tenitic materials compared to the ferritu 
materials investigated or if just the dif 
ference in atomic lattice arrangement 
between ferrite and austenite was suffi 
cent to cause the carbon to move across 
the fusion line. To check this latter 
possibility, Combination K 96° Ni 
to 
In this 


same type 


is estigated 
weldment the nickel has the 
lattice structure lace cen 
tered cubic, as the austenitic materials 
used in combinations G H and J 
However, nickel is not considered 
carbide former No migration of car 
bon was observed in this combination 
Therefore, it was concluded that the 
principal driving force causing the cat 
hon to migrate into the austenitic ma 
terial was the presence of higher con 
centrations of carbide forming elements 
in the austenitic materials and not just 
the difference in lattice structure 
Combinations L and M 
that when dealing with 
veldments, the total 


lustrate 
migra- 
tion in composite 
composition of both materials must be 
considered For combination L, the 
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content ol the CoCr-A is 
greater than the carbon con 


tent in the 1Cr-1Mo \ 


carbon 
much 
material 
However the greater alloy content in the 
CoCr-A more than offsets the carbon 
differential and the 
from the ferritir 
CoC Howe in Combination 
M there is « y a ither slight dif 
ontent of carbide form 
ing elements the CoC r-A 
347 materials but the 
is Still great In this com 
bination the i difference does not 
offset the 


bon migrates 


material mto the 


lerence in 
between 


irbon 


differential and the 


migration | direction of the car 
bon gradient from the CoCr-A 
into the 347 
Physical Tests 

The results obtained from the physi 
al tests, which were standard labora- 
tory type tests indicate that carbon 
migration has no effect on the physical 
properties of the weldment This is 
somewhat surprising particularly in the 
Of the IMo to carbon 
steel weldment which had a deen 


burized band approximately O.1 in 
wide This leads one to question the 
validity of the tests 

When the broken tensile and rupture 
bars of tle dissimilar material weld 
ments (combinations O and R) wer 
examined it was noted that fracture o« 
curred im the low-alloy material in 
ireas unaffected by the carbon migra 
tion It was also observed that little 
reduction in area took place in the weld 
metal. The weld metal, in these com 
binations, was the high-alloy material 
ind had a higher yield strength than 
the low-allo 
Howe el 


necking occurred int the low illo 


vrought base material 


considerable elongation and 


terial Thu it ippears that in these 
veldments that the 


Which ome in 


dissimilar metal 
decarburized ren 
tuitive 


would expect to have lower 


ield, tensile and rupture strengths 


vert upported | the higher iela 
strength weld metal until considerable 
reduction tin area oecurred in the unde 
carburized area of the low-allov bass 
material, This reduction in area raised 
the unit stress in the reduced areas to 
greater extent compared to the le 
arburized areas, than the ratio of thei 
rte trengt! “> that failure 
in the low-alloy base material in 
unaffected | irbon migration 
ds in hea sections operating 
evated temperatures, nonuniform 
tor tests, ma eur In ! 


ses the des 


“training, such a curred in the 


irburnized areas may 


resuit 
ciable reduction of the weld 

ment's strengtl 
The bend tests hh were all satis 
factor indicate nat no severe em 
brittlement occurre is a result of the 
arbon butlduy n the high-allov ma 


teria 
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The unpact test results also indicate 


that carbon migration produced no 
severe embrittlement in the dissimilar 
metal weldment In faet, for the sam- 
ples of Combination O which were 
notched the irburized area of the 
r- the fracture propagated 
the decarburized area of the 
The impact strength of 
of the earbon 

that of the aged 

\ no migration oc- 
ibination N Also, the 
notched in the 347 side of the 
Cr—1] » B47 
good impact 
strength as the aged 347 to 347 weld- 


This indicates 


weldment 


(Combination had 


ment (Combination S 
that no embrittlement occurred in this 
composite weldment 

the results of the 


arbon migration on the physi- 


lo 
effect ol 


cal properties of composite weldments 
in actual applications, it can be said that 
it least carbon migration should not re- 
sult in «a catastrophic deterioration of 
However, 
composite weldment which will 


the weldment’s properties 
for any 
be operated at an elevated temperature 
caution should be exercised and each 


V. Conclusions 
| Carbon migration in composite 
weldments can ull in a depletion of 
urban on one side of the fusion line and 
concentration on the other side 
The extent of carbon migration 
depend on the particular alloy Come 


binations mvolved and is not strictly a 


funetion of the absolute difference in 
tlloy content 

\ parameter relationship extab- 
ishing the equivalence between time 
ind temperature tor bon tmygration 
otnposite we vi developed, 

Fi vere conducted on 
wed nulate the extent of 
irbon migration ¢ Kpected in long time 
W hile 


tents did not show thet 
rofound effeet on 


eautel ited temperatures 


operation of 
it temperatures 
yration may oceur 


should he iluated 


APPENDIX 
1. Mathematical Description of Car- 
bon Migration Phenomena 

lo des the mathe 


tion for the arbon 


deserp- 
igration phenom- 
enn which omposite weld- 
distibution 
ol a ferritic- 
‘posure at an 
times ¢ and ¢ 
tobutions are 

| re the solid line is 
distribution after time 

ind the dashed line after time t + df. 


After time ith the 


: 
composite 
— 


burized band is X and after the addi- 
tional time dt it has increased by a 
distance dr. 

According to Fick's first law, the 
quantity of carbon, known as the flux F 
which passes through « unit area in unit 
time, 18 proportional to the concentra- 
tion gradient de/dr. This may be 
written as follows where D, the diffu- 
sivity, is the proportionality constant 


= Dde/dz (4) 


For the situation shown in Fig 
this expression may be written as 


follows 
(5) 


The amount of carbon which has 
crossed the fusion line in the time inter- 
val dt can be found by multiplying 
eq 5 by dt. 

However, the area between the two 
curves in Fig, 11 also represents the 
amount of carbon that has left the low- 
alloy material and crossed the fusion 
line in the same time interval dt, and, 
therefore, is also equal to Fdt This 
C'p/2) da 


Therefore, eq 6 can be written as fol- 


area is equal to (Cy 


lows 
(Ce CU'p) 
Xx 
dt = (Cp 


= Dj 


Solving this differential 


wives: 


equation 


Cp 


+ 


(9) 


C, is the constant of integration. 
One of the boundary conditions for this 
equation is that when time equals zero, 
the distance of diffusion also equals 
zero, Therefore, C; must be zero and 
drops out of the equation. 

Since the maximum value of Co will 
be the solubility limit of carbon in 
alplia iron at the diffusing temperature 
its value will not be expected to exceed 
ring the value of Cp» must be less than 


If carbon migration is oeeur- 


C% Also, total carbon contents (Cy) 
are of the order of 0.10%. Neglecting 
the Ce/2 and C,/2 terms in the de- 
nominator of eq 9 will result in a maxi- 
mum error of approximately 15% in 
the value of XY. In the interest of sim- 
plification these terms will be neglected 
giving 
Cop 
2) (10) 
Cn 
It can be seen from eq 10 that in- 
creasing the difference between Coe and 
(p> will cause an increase in the width 
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of the decarburized band. This can 
also be seen intuitively from Fig. 11 
where increasing the slope of the carbon 
concentration curve over the distance 
X will increase the driving force for the 
migration of carbon and thereby in- 
crease the extent of migration 

The various carbon levels present in 
composite weldments have been de- 
fined is earbon concentrations To be 


precisely correct, carbon activities 
should be considered as was previously 
mentioned. The same carbon concen- 
tration, in materials of different alloy 
content, can have different carbon ac- 
tivities by virtue of the fact that the 
carbon can exist at a lower energy level 
im one material than in another. 
Richardson® has shown that alloying 
elements such as chromium, molybde- 
num and vanadium reduce the activity 
of carbon in iron. This effect may be 
due to the carbide-forming tendencies 
of these elements. For the remainder 
of this discussion, then, the various car 
“effective 


since in 


bon levels will be defined as 
carbon concentrations’ 
sence, this is what carbon activity or the 
energy level of the carbon in the ma- 
terial means. It can be seen then that 
increasing the alloy content of a steel 
for a given carbon concentration results 
in a lower “effective carbon concentra- 
tion.”’ 

The carbon levels, Ce and Cp, are 
“effective carbon 
at the extremes of de- 


now defined as the 
concentration” 
earburized band in the low-alloy ma- 
terial. Since Ce and Cy are very fun- 
damental to the description of carbon 
migration in composite weldments they 
must be defined more precisely with 
respect to the materials making up the 
composite weldments in order to fully 
understand the basic effect of alloy 
content on carbon migration. 

It can be seen from the general de- 
scription of the steps involved in the 
over-all carbon migration process given 
previously in the text, that Ce can be 
defined, with respect to the low-alloy 
material, as the “effective carbon con- 
centration” solubility limit at the 
diffusing temperature in the low-alloy 
material, 

The value of Cp must be less than the 
value of C; 
gradient to cause the carbon to migrate 
to the fusion line. There is no variation 
in alloy content across the decarburized 
band in the low-alloy steel to affect 
the activity of the carbon in this band. 
However, at the fusion line there is a 
difference in alloy content which can 
and does affect the activity of carbon on 
the low-alloy side of the juncture. The 
activity level of carbon in the low- 
alloy side of the fusion line must be 
essentially equal to the activity level of 
carbon on the high-alloy side of the 
fusion line since any appreciable dif- 
ference in activity across the small 


in order to provide the 


distance involved would be quickly 
eliminated by carbon migration. Thus, 
in a given weldment the value of Cp 
must be determined by the high-alloy 
material. To summarize, the value 
of Ce is fixed by the low-alioy material 
and the value of Cp by the high-alloy 
material, 

Since the values Ce and Cy» are re- 
lated to the activity of carbon in the 
low-alloy and high-alloy materials re- 
spectively, they can be expected to 
have a temperature dependence de- 
scribed by the general form Be~“/*7, 
where H is the heat of solution of car- 
bon. 

The diffusivity D in eq 10 will also 
have « similar temperature dependence 
Ae~YV*T, where Q is the activation 
energy of diffusion of carbon 

Substituting these relationships in 
eq 10 will provide a mathematical re- 
lationship which approximately de- 
scribes the effects of time, temperature, 
alloy content of the materials and total 
carbon of the low-alloy material on the 
width of the decarburized’ band. 


ll. Comparison of Experimental 
Results with Mathematical Descrip- 
tion of Carbon Migration 


It can be seen from eq 10 if Ce is 
held constant by using the same alloy 
as the low-alloy material, increasing 
the alloy content of the high-alloy ma- 
terial should decrease the value of Cp 
increase the difference 
and C,, and thereby increase the width 
of the decarburized band X. That 
this actually oceurs is borne out by the 
results of combinations A, B, C and D 
as was previously shown. It will also 
be noted from the results of these com- 
binations after exposures equivalent 
to 100,000 hr at 1000° F, as listed in 
Table 6 that increasing the chromium 
content from 5 to 14% has had a rela- 
tively small effect on increasing the 
width of the decarburized band. These 
results are shown in Fig. 12 which is a 
plot of the width of the decarburized 
content 


between (C, 


band versus the chromium 
of the high-alloy material (the molybde- 
num will also have an effect but since 
it is roughly the same for these com- 
binations it is not considered in this 
plot). It will be noted from this figure 
that the slope of the curve changes con- 
siderably at a chromium concentration 
of approximately 5%. It will be re- 
membered that this is also the value of 
the chromium content when the value of 
the constant A became constant for 
these combinations as was shown in 
Fig. 10. This must indicate then that 
once the chromium content in the high- 
alloy material has reached approxi- 
mately 5% the value of Cp has been 
depressed almost as low as it can go 
and further additions of chromium have 
little effect on its value. The practical 
significance of this is that a 12% 
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~Ce/2 C'p/2) dz (7) 
Or: 
('p) 
= 


chromium material would produce no 


more carbon migration than a 5° 


chromium material There are ap 


plications where a chromium 
alloy has advantages over a 5°], chro 
mium alloy and its use need not be pre 
vented for fear of ex irbon 


migration over that which would be 


obtained if the 5% chromium alloy were 
used 

The effect of increasing the allov con- 
tent in the low-alloy material on the 
width of the decarburized band can 
also be seen by the same reasoning 
In reasing the alloy content in the low 
alloy material will decrease the value of 
(> and may increase the value of C 
since the difference in alloy content 
across the fusion line hus been de- 
creased For a constant high-alloy ma- 
terial then, this will result in a decrease 
in the difference between Cp and C 
und thereby reduce the width of the 
Th il this fu tually 


occurs has already been shown for the 


dec arburized band. 


results of combinations D | ind | 
plotted in lig 9 


ill. Derivation of Parameter 
Relationship 


Now that the carbon migration pro 
ess has been discussed in some detail 
the parameter relating the equivalence 
between time and temperature shown 
in eq 3 will be derived. This relation 
ship will be derived from eq 10 which is 
the basic description of the phenomena 
However, as previously noted, three 
terms in eq 10, Ce, Cp and D, have ex- 
ponential temperature dependences. If 
the temperature dependence of each of 
these terms is significant and different 
then a simple parameter relationship be- 
tween time and temperature cannot be 
derived Also, eq 10 cannot be used in 
its present form since there are no data 
on the effect of allo: 
temperature dependence of the “‘effec- 


However 


whic hi il 


elements on the 


tive carbon concentration 
there are two circumstances 
either or both are correct permit the 
reduction of eq 10 to a simple, usable 
form. These circumstances are 

l If Cp i 
ean be dropped out of eq 10 

2. If the heat of solution of « 


iron 18 not affected b Loving 


small ompared to Ce it 


arbon in 
tions the temperature dependences of 


C, 
The parameter 


can be combined 
relationship will be 
derived assuming that the first above 
mentioned circumstance w correct. The 
validity of these assumptions will then 
be considered later in detail 

Assuming that Cy, is small compared 
to Ce, eq 10 reduces to the following 


\ 2b 
Also 
D diffusion coefficient 12 
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ind 
( 

whe re 

1A constants 

H heat of solution 

Q wtivation energy for diffusion 

I gas constant 

/ absolute temperature 


Chen eq 11 can be written 
y? fe RT 14 
For iny given weldment A B und 


constants and can be 
constant G 


2 are grouped 


together as a new 
hen 


Take the logarithm of ey lS 


how { 17 


Then 
A/T + log t 20 


| quation 20 then shows the equiva 
lence between time and temperature 
which is proportional to log X 

he correctmne 
tion that C, could be 


now be con were 


of the initial assump 
neglected must 
d to justify the use of 
eq 20 for representing the equivalence 

ind temperature If it is 
true that Cy is small compared to C, 
ind can be neglected, then it hould 
follow that changing the allo content 


material which would 


hetween tine 


of the high-allo 
il the value of C would have no 
effect on the width 


Howevet 


shown that increasing the allo 


ol the dec irburized 


band it has alread been 


content 
of the high-alloy material for 0°7% Cr to 
1% Cr had a profound effect on the 
When 


vidth of the decarburized band 


the alloy content of the high-alloy 
material wis increased ibove 
chromium thougl it had relative 


little effect. Thus, it appears that for 
veldments whose high-allo material 
ontains more than 5°7 chromium. that 
the value of Cy, has been reduced to a 
ery low value and is actual small com 
pared to Ce and can be neglected 

If this Agsumption is true, and if the 


low-alloy material is plain-carbon stee|} 


there are sufficient published data foy 
the various physical constants in « ; 14 
to calculate the width of the deear 
hurized band calculated width 
in then be compared with the Value 
predicted bh the parameter method 
from the experimental resulte equa 
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tion 14 was solved using the following 
ind values for the 


conditions 


exposure 


constants 


/ GOO” 756° 
100.000 & see 
7.4 em? /aee (6) 
iis wt. % ) 
H 20,000 cal/mol, (7 
cal/mol 
Ce 0.12 wt. % (Table 2 


he value for A not given by 


Smith However, using his data as 
well as the data presented by Richard- 
s00) t is possible to calculate the value 


these Values the ecaleulated 


| 


decarburized band width iw 2.2 mm 


The decarburized band width deter 
mined from parameter plots for the 
same exposure conditions, for Combina- 
tion 1D | Mo tor arbon steel 

is 2.1 mm which is excellent agreement 


between theory and test results For 
Mo to carbon 
indicate 


Combination 
steel the parameter results 
i band width of 1.78 mm which is also 
fairly reasonable agreement 


Thus if 


weldments 


ippears that for composite 


Whose high-alloy material 


contains at least 5°, chromium, the 


A/T 4+ 


the equivalence 


parameter relationship P 
log ¢ does represent 
between tine ina temperature for 
carbon migration, and its use is justified 
for these allo 

Chere are still many other weldments 
contents less 


dealt’ with 


which have chromium 


than 5°), which must be 
The parameter relation hip shown mn eq 


20 can be derived and used for these 


cases if the second circumstance pre 
vious mentioned is true, te, if the 
heat of solution of carbon in tron is the 
same for the high-allo ind low-alloy 


If this true then the 


temperature dependence for OC; and Cp 


can be written as tollov 
( (21) 
Mita (22) 


need 
not be the same, in fact they must be 
different in order for ¢ und Cp to ln 
different. The 


The constant term 


temperature depend 


ence of ¢ ind ¢ in then be combined 


8 shown below 
(24 


After substituting eq 25 for (C, 
( n eq 10, the parameter relation 
ship in eq 20 can be deri ed in the same 
manner 4a Vise Previourly shown 
weumption that 


the heat of solution is the sme for the 


high nd illoy materials must now 
be considered The heat of solution for 
irbon the illo materials (// 
dy lei by the ga onstant (/2) i the 
imve 4 ot the ope ¢ { the plot of log 
ol the “etleetive urbon concentration’ 
(". or ¢ ersus | /absolute temperu 
ture Phe exact ition of the “effec 


167-8 


ol 
2 log \ 3 
Q H 
Let 
P= 2log X 
H 
P log (18 
23K1 


tive carbon concentration” values need 
not be the same for all materiale over 
the range of chromium contents from 0 
to 5Y, since ite location will be affected 
by the values of the constant B or E 
m eqe 21 and 22, What is important 
and must be considered is their slopes 
If they are the same then the heat of 
solution (//7) wm not affeeted by alloy 
additions. There are no published data 
to check this However, when the 
data for combinations A and B are 
plotted against the parameter values 
they produce good curves with little 
seatter certainly no more than could 
be expected from the experimental 
These data were the 
results of teste conducted at 1100, 1150, 
120) and 1400° F for times in the 
range of 30 hr to 3000 hr. If the heats 
of solution of carbon in the low-alloy 
and high-alloy materials in these corm 


procedure used 


ture range, from 1100 to 1300° F 

The application of the results of these 
tests, from the practical viewpoint, 
is generally for times at temperatures of 
1000 and 1050° F. This involves an 
extrapolation in temperature of 100° F 
below the minimum testing tempera- 
ture. While it is true that this is an 
extrapolation into the unknown, if it is 
considered that the parameter relation- 
ship is valid over a temperature range 
of 200° F above 1100° F, it does not 
appear to be an unreasonable extra- 
polation to consider it to be valid also 
for 100° F below 1100° F. Therefore, 
it is considered that the heat of solution 
of carbon in iron is essentially the same 
for alloys containing 0 to 59) chromium 
over the temperature range of interest 
and that the parameter relationship 
does describe the time-temperature 
equivalence for the carbon migration 


Therefore, it is considered that the 
parameter equation P -K/T + 
log t does represent the time-tempera- 
ture equivalence for carbon migration 
in composite weldments. While it may 
not be precisely correct from a rigorous 
scientific viewpoint, it 
should provide at least sound engineer- 
ing information. 


nevertheless 
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binations were significantly different phenomena, 
it does not seem that a curve as good 
as was obtained could be produced when 
the data were plotted on a parameter 
basis. While this does not prove that 
the heats of solution are identical, it 
does make it appear reasonable to 
assume that in the range from 1100 to | 
1300° F the heate of solution in the low 
alloy and high-alloy materials of these 
combinations is approximately the same. 


If the heats of solution are approxi- chromium 


mately the same then it should follow 2. The heats of solution of carbon 


that equation 23 is correct and that the 
parameter equation P K/T 4 
log ¢ adequately describes the time-tem 
perature equivalence over the tempera- 


Thus, it is concluded that the cir- 
cumstances previously mentioned which 
permit the reduction of the basic ear- 


meter relationship are apparently cor- 
rect for the following conditions 


can be neglected if the alloy content im 


approximately the 


to 1° molybdenum and 5° chromium 


graphic work involved. 
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CORROSION OF NICKEL-CHROMIUM-IRON 
ALLOYS BY WELDING SLAGS 


Welding slag residues found to shorten the useful life 


of nickel-chromium-iron alloys when used at high temperature 


BY G. R. PEASE 


ABSTRACT. Iividence has accumulated 
that incompletely removed welding slag 
residues can initiate rapid corrosive attack 
on alloys used in high temperature service 
The nature of the attack is described 
under both oxidizing and reducing condi 
tions, and the temperature limits defined 
within which damage can be expected 
Iuxperimental proof is offered that welding 
slag residues can act as collectors or scav 
engers of sulfur ind thereby cause dam 
which 
are Otherwise harmlessly low in sulfur con 
tent 


age by sulfidation in atmospheres 


Introduction 
Up-to-date welding procedure specifics 
tions are becoming increasingly insistent 
that all traces of welding slag be re 
moved from the joint area, after veld 
ing. In the high-alloy field, particu 
larly, this important detail has come to 
he recognized and accepted wa ner 
CSSary part of good workmanship 
In view of this obvious concern about 
slag removal, one is entitled to know the 
consequences of neglect 

Instances could be cited where the 
effort and expense of doing a fastidious 
job of slag removal could probably not 
be justified, at least on the basis of 


There 


are other times when justification would 


sound engineering requirements 
have to be based on such factors as 
appearance Of the possibility of product 
contamination jut there are other 
times when failure to do a thorough 
cleaning job can be disastrous 

It is the intent of this paper to de 
seribe what is likel to happen to 


nickel-chromium-iron in pat 
ticular, if placed in high-te mperature 
service contaminated with welding slag 
residues A few case histories wil ” 
outlined whi h Among other have 


contributed to the growing awareness 
that service failures could be traced 
to this source. In addition, the results 
controlled 


pre ented 


ot sore laboratory test- 


will he which define the 


G. R. Pease ix asso ciated with the Research Lal 
oratory, International Nickel Co., Ine., Bayonne 
N. J 


Presented at the 1956 AWS National Spring 


Meeting in Luffalo, N. Y May 7-11 


SepTeMBER 1956 


threshold temperature ibove which 


corrosive attack can be expected The 
coincidental influence of a few variables 
in the itmospheric environment will 


also be deseribed 


Case Histories 

Cast Chromium-Nickel-lron Retorts 
One of the first instances of corrosive 

ittack by welding slag residue to be 


recognized as such, came to light during 


World War Il Large evlindrical re 


tort with i vall thickness of ibout 
om vere cast from an alloy composi 
tion contaming about 25°, chromium 
15°) niekel, balance mostly tron, and 
viele used the production al 
thie Pidgeon proces 

In operation these retorts were exposed 


to temperature of the order of 2100 
| in furnace atmospheres of 
composition interior 
wunted | 


ilter «A tthe i 


vere occurred 
month of operation 
wenuse of local blistering on the out 
whe iriaces hich reduced the wal 
thickness to a where the retort 
either lenked ¢ ipaed 

W hile ol ltactors vere 


ontributor much of the 


ditheult 


vas eventually traced to the presence, 
on the exteriol of amall 
imounts of welding slag, in areas that 
had been either fabricated or repaired 
by metal-are welding with flux-coated 
electrode The iw Was present, not 
hecause it had been « irclessly ignored, 


but because the removal methods had 


been imeflectua amounts 
volved were small, but the extent of the 
damage was ce The attack 
hown in Fig. 1 typical of what 


h Lp 


Controlled, short-time exposure tests 
showed that titania-type slags were 
less potent! e than other types, 
but inumnunit ould not be assured with 
inv slag which contained either fluordes 
or silicate bot which are recog- 
nizable as important constituents of 
fluxe for the eling of chromium- 
bearing allo Some taprovement in 
existance t ttach ould be demon- 
trated by imcrensed allo content but, 
whin, ould not be assured, 


Phe temperature of exposure, over the 


range 2050 to 2500° IF was an important 
srinble ith the least attack occurring 
at ower ts perature but the 
lower limit of rrosiveness was not 


Fig. | 


Pe lding Slage 


Section from a slag-corroded Cr-Ni-Fe retort 


te 

q 


established, Of several possible clean- 
ing methods investigated, only sand 
Abrasive grind- 
ing tended to smear or imbed a portion 
of the slag into the surface 

On the basis of metallographic evi- 
dence, failure seemed to be mostly by 
simple progressive oxidation. In accord- 
ance with current thinking, it seemed 
likely that certain fractions of the slag 
had become liquid and exerted a solvent 
effect on the normally protective com- 
plex oxide film. This liquid layer 
then functioned as an oxygen carrier, 
continuously delivering oxygen to the 


blasting was effective 


substrate. The damage was accord- 
ingly far out of proportion to the 


amount of slag involved 


Edge Welds 


That welding slag is not corrosive, 
in itself, without oxygen present, was 
further demonstrated by the results of 
some unpublished work communicated 
to the author from the metallographic 
laboratory of the Oak Ridge National 
Laboratories. To make this demon- 
stration, two Inconel plates were metal- 
are welded together face to face, with a 
circumferential edge weld, the plates 
being spaced far enough apart to allow 
slag to in the 
apace between them 
the slag on the exterior surfaces were 
both left intaet. The pack, or sand- 
wich, was then heated in air at 2050° F 
for 150 hr, a period which was sufficient 
to imitiate corrosion on the exterior 
surfaces. The test was then ter- 
minated, An examination of the in- 
terior surfaces which had been in con- 


become entrapped 


This slag and 


tact with slag (but excluded from ex- 
posure to air) failed to reveal any 
evidence of corrosive attack 


Heat-Treating Baskets 
Sometime later than the retort ex- 
perience, an epidemic of 


occurred in some Inconel woven-wire 
heat-treating baskets which were in 
service at 1250° PF. The atmosphere 
was described, this time, as “reducing.” 
The damage was considerable, in 
spite of the fact that the operating 
temperature was almost 1000° F lower 
than that of the cast retorte and the 
atmosphere wis presumably more pro- 
Failure 
corners (Fig, 2), where some oxyacety- 
Fluoride- 


tective occurred near the 
lene welding had been done 
rich slag residues were unmistakably 
present in these areas and a definite 
cause and effect relationship seemed to 
be indicated as before 

In this case, however, sulfides were 
abundantly present in the micro- 
structure (Fig. 3) with evidence that 
this was the primary cause of failure, 
rather than a simple oxidation mecha- 
nism. The attack could not be re- 
produced in air at 1500° F, even when a 
welding flux was used to which a large 


170-8 


Fig. 2 Slag-induced corrosion in an 
Inconel heat-treating basket 


amount of sodium sulfate had been 
deliberately added. The failure mecha- 
nism remained a mystery until it was 
experimentally demonstrated, later, that 
slag residues could sulfur 
from reducing atmospheres, until they 
became enriched enough to initiate a 
typical sulfidation type of attack. 

In another instance, the same type of 
Inconel basket, welded in the same 
manner and with the same slag residue, 
suffered a mildly destructive corrosive 
attack at 1550° F in air. This time 
the destruction was caused by oxidation 
alone. The oxidizing atmosphere appar- 
ently precluded the possibility — of 
sulfide accumulation and the tempera- 
ture at 1550° F 
set in motion a destructive oxidation 
Importantly, of 


scavenge 


was high enough to 
mechanism course, 
had there been no slag present there 
would have been no corrosion problem 
in either case. 
Annealing Furnace Muffle 

The experience in which the woven- 
wire heat-treating basket failed by 
sulfur attack might have been dismissed 
as chance, except for another similar 
experience with an annealing furnace 
muffle which had been fabricated from 
thick nickel plate 
failure started from the root side of a 
metal-are-welded joint, from which the 
slag could not be removed, because of 


In this case 


its inaccessibility. The atmosphere in 


the muffle contained 89°) nitrogen 


Complex 
sulfides 


Base Chromium 
metal sulfides 
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Fig. 3 Sulfidation of wires in the failed 
heat-treating basket of Fig. 2. X500. 
(Reduced by '/; upon reproduction) 
Welding Slags 
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10% hydrogen and 1% methane and 
was unusually low in sulfur content 
The operating temperature was 2000° F 
After an abnormally short period of 
operation the weld area became suff- 
ciently embrittled by sulfur to initiate 
failure. 

A small quantity of the residual! 
slag was scraped off for a chemical! 
analysis and a sulfur value of 10% was 
reported. The original sulfur level of 
the flux was probably less than 0.05% 
The only logical explanation was that 
the slag had acted as a scavenger for 
the traces of sulfur which were present 
in the atmosphere. The remedy in 
this case was to shift to an inert-gas- 
shielded arc-welding method. 


Test Program 

As evidence accumulated that slag 
residues were 4 likely source of trouble 
in high-temperature service, the case 
automatically became strong for their 
complete removal, but at least two bits 
of uncertainty were created for which 
no answers were available. In the 
first place, there were no data upon 
which could be established the lowest 
temperature at which slags become 
corrosive and, secondly, the role of 
slag as a sulfur scavenger required 
experimental verification. Test pro- 
grams were set up to fill in these gaps 


Melting Point Tests 

It has been generally 
mentioned earlier, that the formation of 
prerequisite to 


believed, as 
a molten phase is 
corrosion by slag residues (and there 
still seems to be no experimental evi 
dence to the contrary). It was reasoned 
that, if this be true, melting point 
measurements should indicate the tem 
perature range over which damage could 
be expected. It soon became apparent 
however that melting point determina 
tions, or at least conventional melting 
point determinations, were inadequate 

In these tests, small Seger-type melt 
ing point cones, such a8 are used in the 
ceramics industry, were prepared from 
pulverized slag of several different types 
and heated slowly up to 2200° | 
Up to this temperature there was no 
Sagging, or other change inh appearanes 
of the cones, but the Inconel plate on 
which they rested was rather severel) 
corroded at each point of contact with 
the slag. If melting occurred, and it 
very well may have, no more than 
small amounts of minor constituents 
could have melted. Any liquation of 
this magnitude went undetected. It 
then became necessary to run corrosion 
tests at appropriately spaced tempera 
ture intervals to establish the threshold 
level of attack. 
High-Temperature Corrosion Tests 

The slags formed by three substan- 


tially different 
trode compositions were selected for 
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Lime-cryolite flux 
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Corrosion of Inconel by welding slag residves at various temperatures 


Fig. 4 
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study lest coupons were prepared by 
depositing weld bea using either 

small pieces 0 conel, Inconel “X” 
and Inconel sheet, providing nine 
combinations of and base metal, 
The slag was left intact, after welding, 
and the test coupons were exposed at 
10 test temperatures, in increments of 
100 from 1300 to 2200° F. Up 
to and including 1S800° F, the heating 
medium Was a re tance-wound electric 


ihe protective atmosphere. 


Above the heating medium 


was a gas-fired tut ce with the speci 
met expose » products ol come 
bustion of eity gas With its charae- 
temstic alternating sting and idling 
evel this furnace created an atmos- 
phere which varied its oxidizing po- 
tentia but which was oxidizing to 
Inconel 
The iw generally two 
weeks. but some periods were a little 
longer and others were shorter Above 
1700° F. the test period was shortened 
dave For the most part the spec 
ed from the furnace for 
daily except on week ends, 
ind low ool to room tempera- 
ture. A few were exposed continuously 
for the ime lengths of time, with 
approximately the same results as were 
obtained with intermittent exposure. 
At the end of the test period, and prior 
to examination, all of the loose corrosion 
product) and maining slag prar- 
ticles were rem ‘ ith a power-driven 
rotary wire brus cho specimen wie 
then exams ally, for evidence 
ol corrosive 
Che appearance of the Inconel senes 
specimet hown on Fig. 4 and is 
‘ The different 
differently but, for any 
temper ture all three 
loys experen hue une amount of 
attack The yt position seems to 
he the controlling inble 
The corrosive nperature ranges are 
vn graph or each type of 
ih big Ne | formed by 
pe of flux, 
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Fig. 5 Corrosiveness of welding slags 
on Inconel 
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was very corrosive at 2200° F, less 
so from 1800 to 2100° F and practi- 
eally noncorrosive at lower tempera- 
tures. The lime-cryolite-rutile type 
(Slag No. 2) was erratic in its behavior 
and was surprisingly corrosive at tem- 
peratures in the range 1400 to 1700° F. 
The lime-eryolite type (Slag No. 3) was 
the most corrosive of all three types, 
with attack varying from mild to 
severe over the temperature range of 
1300 to 2200° F. 

The rate of attack was not measured 
quantitatively for each specimen but 
in some of the more severely attacked 
specimens, penetration amounted to as 
much as 0.001 in. per day. On this 
basis, '/,in. sheets of wrought Inconel 
could be expected to be perforated in 
4 months, if exposed to the most adverse 
conditions. 

Chromate Salts. The 
rutile and the lime-cryolite slags ex- 
posed in the range 1300-1700° F became 
yellow during test and there was a 
yellow water-soluble residue present 
even after persistent brushing. This 
yellow substance was presumed to be a 
chromate salt of some sort, the forma- 
tion of which may account for the un- 
expectedly rapid rate of attack in this 
temperature range. Many chromate 
salts are molten at these temperatures. 

Microscopic Examination. Under the 
microscope, the cross-sectional appear- 


lime-cryolite- 


ance of the corroded specimens varied 
somewhat with the 
exposure but, in general, the attack 
was uniform, rather than intergranular, 
and there was no evidence of sulfidation 
At the higher temperatures, where the 
attack was rapid, there were small 
oxide inclusions below the surface in 


temperature of 


addition to a continuous oxide layer 
at the surface. 


Sulfur Absorption 

The ability of slag residues to absorb 
sulfur from low-sulfur-content 
ing atmospheres was demonstrated in a 
further series of tests conducted at 
1500° F in hydrogen. The test speci- 
men was similar to that used in the 


The 


reduc- 


corrosion studies described earliet 


Table 1—Sulfur Content of Welding 


Slags 
hefore aller 
er- 
posure posure 
(eati ana- 
mated), lyzed), 
Fluz t /pe q % 
Lime-fluorspar 0 05 0.26 
Lime-cryolite-rutile 0 02 0 02 
Fluorspar-sodium 
tluoride-graphite 0.05 2 65 
Fluorspar-sodium 
fluoride 0 05 1 60 


atmosphere was supplied from cylinder 
hydrogen to which 0.01% hydrogen 
added. The 


is equiy alent to 


sulfide was deliberately 
0.01% level 
about 6 grains of sulfur per 100 cu ft, or 
less than many low-sulfur heat treating 


Ww hich 


atmospheres, was obtained by carefully 
manifolding together, in known pro- 
portions, pure hydrogen and hydrogen 


from an especially prepared cylinder 
containing about 0.4% of hydrogen 
sulfide. The exposure period was one 


month and the rate of gas flow through 
the muffle was about 3 cfh. Four 
slags were exposed, with the results 
shown in Table 1 

It is apparent that three of the four 
slags absorbed sulfur, in the potently 
damaging sulfide form, as a result of 
rates, or ab 


these exposures. The 


sorption potentials varied consider- 
ably but the point was clearly demon- 
strated that the 


mechanism, which was proposed on the 


sulfur absorption 
basis of service failure examinations 
can actually exist. 

The rutile-containing slag, the only 
one which picked up no sulfur in this 
set of tests, was later shown to be 


capable of absorbing sulfur from a 


hydrogen atmosphere containing hy- 
dregen sulfide at about 10. times the 
previous level. Immunity cannot be 
assured, therefore, by recourse to the 
rutile type of flux. The high-fluoride 
types are clearly the most susceptible 


however 


In view of this added hazard, the 


ag - 


limiting service temperature for s 
contaminated weldments, in reducing 
the tem- 

attack 


hromium-bear- 


atmospheres, is governed by 


perature above which sulfur 


is likely In the case of « 


ing high-nickel alloys, sulfidation can 
be experienced at temperatures as low 
as 1200° F 


becomes the 


which temperature therefore 
maximum temperature 
of safe operation, In reducing atmos 
pheres, for slag-contaminated weldments 


of this type 


Summary 

There can be no doubt that welding 
slag residues can shorten the useful 
life of nickel-chromium-iron alloys when 
used at high temperatures. Corrosive 
attack can be expected at any tempera 
ture above about 1200-1300° F, by 
oxidation in oxidizing atmospheres or 
by sulfidation in reducing atmospheres 
Certain slags are more corrosive than 
others, but all slags should be held 
suspect unless proved to be innocuous 
All alloys 

The conclusions ure 
flux is used in any form, the resulting 


seem to be susceptible 


IOUS If 


slag must be completely removed If 
this is impracticable or impossible, the 
hecomes 


iInert-gas shielding 


The increasing popularity 


use of 
mandatory 
of the inert-gas welding methods doubt 
lessly stems, in no small part, from a 
recognition of this mandate, whenever 
equipment is welded for high-tempera 


ture service 
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